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The Road Not Taken 
By Robert Frost 
 
Two roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveller, long I stood 
And looked down one as far as I could 
To where it bent in the undergrowth. 
 
Then took the other, as just as fair, 
And having perhaps the better claim, 
Because it was grassy and wanted wear; 
Though as for that the passing there 
Had worn them really about the same. 
 
And both that morning equally lay 
In leaves no step had trodden black. 
Oh, I kept the first for another day! 
Yet knowing how way leads on to way, 
I doubted if I should ever come back. 
 
I shall be telling this with a sigh 
Somewhere ages and ages hence: 
Two roads diverged in a wood, and I-- 
I took the one less travelled by, 
And that has made all the difference. 
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Abstract 
 
This study is an investigation of the anatectic history of high-grade paragneisses from the Ancient 
Gneiss Complex (AGC) in Swaziland.  The work involved an integrated field, metamorphic, 
geochemical, geochronological and structural study of metasedimentary granulites from three 
separate, but spatially related areas of outcrop in south-central Swaziland, which were subjected to 
multiple high-grade partial melting events throughout the Meso- to Neoarchaean. The project has 
aimed to constrain the age(s) and conditions of metamorphism, so as to contribute to the 
understanding of geodynamic processes in the Barberton and AGC granite-greenstone terranes, as 
well as to investigate certain physical and chemical aspects of anatexis in the migmatites. The 
metamorphic record retained in these rocks, constrained by phase equilibria modelling as well as 
zircon and monazite SHRIMP and LA-ICP-MS geochronology, informs on the state of the mid- to 
lower-crust of the southeastern Kaapvaal Craton during key events associated with early lithosphere 
assembly and crustal differentiation. It also suggests that the region is comprised of more than one 
high-grade terrane. Two of the areas investigated experienced high-temperature metamorphism at 
ca. 3.23-3.21 Ga, in addition to a major 830-875º C, 6.5-7.6 kbar anatectic event at ca. 3.11-3.07 
Ga. Intermediate and younger high-temperature events are recorded at ca. 3.18 Ga, ca. 3.16 Ga and 
2.99 Ga. The timing of these metamorphic events coincided with the amalgamation of the eastern 
domain of the proto-Craton via subduction and accretion of micro-continental fragments at ca. 3.23 
Ga, including the Barberton Greenstone Belt (BGB) and AGC terranes, as well as discrete episodes 
of crustal differentiation and potassic granitic magmatism between ca. 3.23 and 3.10 Ga. The third 
area investigated holds no record of Mesoarchaean metamorphism, but instead experienced a 830-
855 ºC, 4.4-6.4 kbar partial melting episode at ca. 2.73 Ga. This broadly coincided with the 
formation of a large continental flood basalt province, the ca. 2.71 Ga Ventersdorp LIP, and 
widespread intracratonic granitic magmatism on the Craton towards the end of the Neoarchaean. An 
explanation for the contrast in metamorphic record in the two terranes may be that the 2.71 Ga 
granulites represent a much younger sedimentary succession, and that granulites from the older 
terrane were left too restitic, after substantial partial melting during the Mesoarchaean, to record 
subsequent high-grade events. Finally, this study documents the details of S-type granitic magma 
production and extraction from a typical metapelitic source. Using the 2.73 Ga granulites from the 
AGC as a natural field laboratory, a case is made for the selective entrainment of peritectic garnet to 
the magma as a mechanism for generating relatively mafic, peraluminous S-type granite 
compositions. The work demonstrates the evolution of entrained peritectic garnet in such magmas, 
and is in strong support of a ‘peritectic phase entrainment’ process by which relatively mafic granite 
magmas are produced from melts which, in theory, should be highly leucocratic.
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Opsomming 
 
Hierdie studie ondersoek die anatektiese geskiedenis van hoëgraadse metasedimentêre gneise uit die 
Ancient Gneiss Complex (AGC) in Swaziland. Die werk behels 'n geïntegreerde veld, 
metamorfiese, geochemiese, geochronologiese en strukturele studie van metasedimentêre granuliete 
van drie afsonderlike, maar ruimtelik verwante gebiede in suid-sentraal Swaziland, wat aan verskeie 
hoëgraadse anatektiese gebeure onderworpe was gedurende die Meso-tot Neoargeïese tydsperiode. 
Die studie is daarop gemik om die ouderdomme en die kondisies van metamorfose vas te stel, om 
sodoende by te dra tot die begrip van die geodinamiese prosesse in die Barberton en AGC graniet-
groensteen terrein, asook om sekere fisiese en chemiese aspekte van die anatektiese proses te 
ondersoek. Die metamorfe rekord, bepaal deur mineraal ewewigsmodellering sowel as sirkoon en 
monasiet SHRIMP en LA-ICP-MS geochronologie, belig die toestand van die middel-tot laer-kors 
van die suidoostelike Kaapvaal Kraton tydens vroeë litosfeer samesmelting en differensiasie. Dit 
stel ook voor dat die streek uit meer as een hoëgraadse terrein bestaan. Twee van die gebiede het 
hoë-temperatuur metamorfose by 3.23-3.21 Ga ervaar, asook 'n hoof 830-875 ° C, 6.5-7.6 kbar 
anatektiese gebeurtenis by 3.11-3.07 Ga. Intermediêre en jonger hoë-temperatuur gebeure was ook 
by 3.18 Ga, 3.16 Ga en 2.99 Ga geregistreer. Die metamorfose van die gebied stem ooreen met die 
samesmelting van die oos Kaapvaal Kraton domein deur subduksie en aanwas van mikro-kontinente 
by 3.23 Ga, insluitend die Barberton en AGC terreine, asook diskrete episodes van kors 
differensiasie en kalium-ryke graniet magmatisme tussen 3.23 en 3.10 Ga. Die derde gebied hou 
geen rekord van Mesoargeïkum metamorfose nie. In plaas daarvan het dit 'n 830-855 ° C, 4.4-6.4 
kbar anatektiese episode by 2.73 Ga ervaar, wat ooreenstem met die vorming van 'n groot 
kontinentale vloedbasalt provinsie, die 2.71 Ga Ventersdorp Supergroep, en wydverspreide 
intrakratoniese graniet magmatisme teen die einde van die Neoargeïkum. 'n Moontlike 
verduideliking vir die kontras in metamorfe rekord in die twee terreine mag wees dat die 2.71 Ga 
granuliete 'n jonger sedimentêre afsetting verteenwoordig, en dat granuliete van die ouer terrein te 
restieties gelaat was na aansienlike anateksis in die Mesoargeïkum, om daaropvolgende hoëgraadse 
gebeure te registreer. Ten slotte, hierdie studie dokumenteer die besonderhede van S-tipe graniet 
magma produksie en ontginning van 'n tipiese metasedimentêre bron. Die 2.73 Ga granuliete word 
gebruik as 'n natuurlike veld laboratorium om die selektiewe optel-en-meevoering van peritektiese 
granaat tot die magma te ondersoek. Die werk toon die evolusie van peritektiese granate in sulke 
magmas aan, en ondersteun lewering van relatiewe mafiese graniet magmas deur 'n ‘peritektiese 
fase optel-en-meevoerings’ proses. 
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GENERAL INTRODUCTION 
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CHAPTER 1 
2 
 
The nature of the geological processes that controlled initial crustal growth and evolution during the 
early stages of Earth’s history re mains the subject of intense scie ntific debate (e.g. De Wit, 1998; 
Hamilton, 1998; Collins et al., 1998; Marshak, 1999;  Collins and Van Kranendonk, 1999; Kisters et  
al., 2003; S tern, 2005; Moyen et al., 2006; Bédard, 2006; Condie an d Pease, 2008). Given the  
limited record of such ancient cr ust worldwide, excellent ex posure of Paleo- to Neoarchaean (i.e. 
ca. 3.7-2.7 Ga) rocks from  the Barberton and Ancient Gneiss Complex granite-greenstone terranes  
in South Africa and S waziland are invaluable to  understanding these processes. Together they 
record events related to the formation and stabilisation of an early continental nucleus, the Kaapvaal 
Cratonic shield, which spans a period of almost 1 Ga. Hence, there are few other places in the world 
where such a continuous r ecord of crustal evoluti on can be chronicled in rocks that are as w ell 
preserved.  
 
There is no general consensus on whether the early Earth  was characterised by  m agmatic and 
tectonic processes very differe nt, or analogous to those of t oday. N otable differences betw een 
Archaean and post-Archaean terran es are that the former tend to be d ominated by  trondh jemite-
tonalite-granodiorite (T TG) suite granitoids  and m afic-ultramafic (e.g. high MgO kom atiite) 
volcanic rocks compositionally unique to the Archaean. In addition, some investigators have argued 
that many of the distinctive features diagnostic of  Phanerozoic-style plate-tectonics, e.g. ophiolites, 
rifted m argin success ions, accretio nary wedges, m agmatic arcs, high -pressure lo w-temperature 
subduction-zone m etamorphic signatures, are absent  from  the Archaean rock record and hence, 
modern plate-tectonic processes could not have been operational in the Archaean (Hamilton, 1998). 
Central to the debate on early Ea rth processes are specula tions on the potential consequences of a n 
Archaean crust and m antle 100-300 ºC hotter th an today, arising from primordial heat retention by  
the young Earth and a greater concen tration of the radioactive elem ents U, Th and K in the m antle 
(e.g. Lam bert, 1976; Thom pson, 1984; Richter, 1985; Percival, 1994). Som e of the proposed 
consequences include: a more vi gorously convecting mantle; more abundant mantle plumes; higher 
degrees of partial melting in the m antle; faster spreading rates and pla te motions; thicker and more 
buoyant oceanic lithosphere which was difficult to subduct, resulting in shallower subduction 
angles or failed subduction; highe r geotherm al gradients; rheol ogically weaker lithosphere; and 
density stratification of the crust (e.g. Ha milton, 1998; Mars hak, 1999, Bédard, 2006, Condie and 
Pease, 2008 and references therein f or discussion). On the other hand, De W it (1998) has pointed 
out that there are no con straints on the rate and e fficiency of heat-loss b y the Archaean Earth, and  
that the high MgO komatiites, which seemingly require an extremely hot mantle source, could have  
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been derived from  a hydrous Archaean m antle <100 ºC hotter th an t oday. Hence, subductio n-
accretion processes m ay have b een viable on E arth as early  as the Paleoarchaean (De W it, 1998). 
This is su pported by  a wealth  of recent geochrono logical, geochem ical, palaeom agnetic, 
stratigraphic, structural, and m etamorphic data from Archaean cratons around the w orld including 
Yilgarn, Pilbara, Superior, North China, Slave, and Southern Africa, which point towards a modern-
style of plate tectonics by lateral accretion sin ce at least the Mesoarch aean (e.g. Cawood et al., 
2009, Condie and Pease, 2008 and references therein).  
 
The well-studied and characterised Barberto n Greensto ne Belt (BGB) in South Africa and  
Swaziland is divid ed into three main lithostratigraphic units (Fig. 1.1): the lower m afic-ultramafic 
volcanic and mafic-silicic volcanoclastic, ca. 3.55-3.30 Ga Onverwacht Group, which is overlain by 
clastic m arine sedim ents and felsic volcanic rocks of the ca. 3.26-3.22 Ma Fig Tree Group and 
coarse-grained sandstones and conglomerates of the < ca. 3.22 Ga Moodi es Group. The greenstone 
belt is bordered on all sides by ca. 3.5 to 3.2 Ga TTG gneisses, as we ll as granitoids belonging t o 
the ca. 3.14-3.10 Ga granodiorite-monzogranite-sye nogranite (GMS) suite which is extensively 
developed throughout South Africa and Swaziland. I nvestigations into the tectono-m etamorphic 
evolution of the BGB has revealed that it is m ade up of discrete, fault-bounded tectonic blocks that  
have experienced complex, polyphase deformational and metamorphic histories (e.g. De Wit et al., 
1992; De R onde and D e Wit, 1994; Kam o and Davi s, 1994; Lowe, 1994; Lo we et al., 1999; De  
Ronde and Kamo, 2000; Dziggel et al ., 2002; Kisters et al., 2003; Dien er et al., 2005; Moyen et al., 
2006; Lowe and Byerly, 2007; Scho ene et al., 2008; Schoene et al., 2009). Two well-docum ented 
deformational events, D 1 at ca. 3.45 Ga and D 2 at ca. 3.23 Ga, coincided with periods of TTG 
magmatism and greenschist- to amphibolite-facies metamorphism. Thrusting and recumbent folding 
associated with D 1 deformation mainly affected lower units of  the Onverwacht Group and is 
documented in the southern domain of the belt (De Ronde and De Wit, 1994). D1 was accompanied 
by upper-greenschist-facies m etamorphism, interprete d to have resulted fr om both seafloor and 
burial metamorphism associated with this event (Cloete, 1991; Lopez-Martinez et al., 1984).  
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Figure 1.1 Simplified geological map of the eastern Kaapvaal Craton, modified after Wilson (1982) and 
Schoene and Bowring (2010). The map depicts important components of the Barberton granite-greenstone 
terrane, the Ancient Gneiss Complex and the granodiorite-monzogranite-syenogranite (GMS) suite. The 
black box indicates the study area and the location of the metasedimentary granulites referred to in the text 
(see Fig. 1.2 for a detailed map of the Mkhondo, Ngudwane-Luboya and Matsanjeni River outcrops). 
 
Although alternative interpretations of the D2 structural and metamorphic elements in the BGB exist 
(e.g. density-driven, partial convective overturn of a stratified crust at ca. 3.23 Ga; Van Kranendonk 
et al., 2009), the m ajority of studies which have docum ented the regional tectono-m etamorphic 
event D2, are in strong support of a subduction -accretion model for the main assembly phase of the  
BGB and surrounding orthogneiss terrane at ca. 3.23 Ga in a collisional arc setting (e.g. De Ronde  
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and De W it, 1994; Ka mo and Davis, 1994; Lowe  1994; Lowe et al., 1999; De Ronde and Kamo, 
2000; Dziggel et al., 2002; Kisters et al., 2003; Diener et al., 2005; Moyen et al., 2006; Schoene and 
Bowring, 2010; Lana et al., 2010b). This is proposed to  have resulted from  the  j uxtaposition of 
microcontinental fragments with distinct tectono-s tratigraphic and geochronological characteristics, 
namely suturing  of the ca. 3.33 Ga Northern and ca. 3.45 Ga Southern Barberton terranes along the 
Saddleback-Inyoka Fault System, partial subduction followed by post collisional exhumation of the 
ca. 3.50-3.45 Ga Stolzburg block to the south of th e belt (e.g. Kisters et al., 2010; Lana et al. 
2010b), as well as accretion of the ca. 3.66 Ga Ancient Gneiss Complex (AGC) terrane to the  
southeast of the greenstone belt along the Phophonyane Shear Zone Sy stem (e.g. Lana et al., 2011)  
(Fig. 1.1). The com bined stratigraphic, magmatic, structural and metamorphic evidence from these  
studies suggests the presence of  a northwest-dipping subduction-z one at ca. 3.30-3.23 Ga (Kamo 
and Davis, 1994; Dziggel et al., 2002; Diener et  al., 2005; Moyen et al., 2006; Lana et al., 2011; 
Kisters et al., 2010). This is seen, for example, in the deposition of upward coarsening, volcanic-arc 
like Fig Tree and terrigenous Moodies Group sedi mentary successions in fault-bounded basins, 
consistent with ocean basin closure; synchronous syn- to late-tectonic TTG magmatism to the north 
of the belt (Ka mo and Davis, 1994; Schoene et al ., 2008; Kisters et al., 2010) ; regional shortening, 
thrusting and recum bent folding in the core of the belt (De Ronde and De W it, 1994); and 
anomalously low geotherm al gradients to the s outh (Dziggel et al., 20 02; Diener et al., 2005; 
Moyen et al., 2006; L ana et al ., 2011). Recently, Schoene and Bowring (2010) revised the 
subduction-accretion model by proposing a doubly vergen t subduction  zone, which dipped NW 
beneath the Northern Ba rberton terrane and SE b eneath the southern S tolzburg and AGC terranes, 
to account for a comparable magmatic and deformational history in the AGC.  
 
D2 deformation and metamorphism in the BGB was followed by a protracted period of intracrustal 
differentiation and calc-alkaline granitoid magmatism, which gave rise to the volum inous 3.14-3.10 
Ga GMS suite plutons (e.g. Schoene and Bowring, 2007; Kamo and Davis, 1994) (Fig. 1.1). Recent 
Sm-Nd and Lu-Hf isotopic studies by Schoene et al. (2009) and Zeh et al. (2011) show that after ca. 
3.23 Ga, the eastern K aapvaal Craton behaved as a coherent lithospher ic block dom inated by 
intense crustal recycling. This played an important role in consolidating, and increasing the strength 
and preservation potential of the newly-assem bled cratonic lithosphere , by cutting across pre -
existing structural breaks and tr ansporting heat-producing elem ents to the upper crust, leaving 
behind a large volume of refractory granulite-facies rocks in the lowe r crust (Schoene et al., 2008). 
Crustal differentiation was accompanied by continued regional shortening on the Craton (D3 of De  
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Ronde and De Wit, 1994), and diachronous and differential orogen-parallel exhumation and cooling 
of the various crustal blocks, along all m argins of the BGB and AGC, between 3.23 and 3.10 Ga  
(De Ronde and De W it, 1994; Kisters et al., 2003;  W estraat et al., 2005;  Belcher and Kisters, 
2006a; Schoene and Bowring, 2007; Schoene et al., 2008; Lana et al., 2010b; Lana et al., 2011).  
 
After 3.10 Ga, the evolution of th e Kaapvaal Craton was marked by periods of convergence along 
the western and northern m argins of the prot o-continent (i.e. form ation of the 3.08-2.93 Ga  
Kraaipan and associated greenst one belts in the Kim berley te rrain, e.g. Robb et al., 1991 and 
Schmitz et al., 2004; and the 3.09-2.97 Ga Murchis on and associated greenstone belts in the 
Pietersburg terrain, e.g. see Poujol et al., 2003). By this tim e the sufficiently stable lithosphere w as 
able to support extensive intracratonic sedim entary basins in both the central (3.07-2.71 Ga 
Dominion and Witwatersrand Basins, e.g. Armstrong et al., 1991) and south-eastern domains of the 
Craton (2.98-2.83 Ga Pongola Basi n, e.g. Hegner et al., 1994 a nd G utzmer et al., 1999). The 
development of both of these basins seem s to have b een characterised by an initial s tage of rifting, 
indicated by the volcano-sedim entary successi ons of the lower Dom inion and Nsuze Groups, 
followed by a therm al subsidence stage that coinci ded with deposition of the siliciclastic W est-
Central Rand and Mozaan Groups. By 2.7 Ga, se dimentation in the W itwatersrand and Pongola  
basins had ceased, and  a num ber of discrete t ectono-magmatic events m arked the end of the 
Archaean d evelopment of the Kaap vaal Craton.  Th is includ es th e well docum ented ca. 2.70  Ga 
Limpopo Orogeny along the northern m argin of  the Craton (e.g. Smit and Van Reenen, 1997; 
Kreissig et al., 2001), an d a period of regional crustal m elting seen in th e extensive outpourings of 
the ca. 2.71 Ga Vent ersdorp Supergroup flood basalts (Arm strong et al., 1991), as well as 
widespread 2.7 Ga granitic magmatism (Poujol et al., 2003).  
 
Compared to the BGB, the AGC is dom inated by a struc turally com plex interm ixture of  TTG 
gneisses, i.e. the 3.66-3.50 Ga Ngwane, 3.45-3.43 Ga Tsawela, 3.28-3.24 Ga Nhlangano and 3.23-
3.22 Ga Usutu Suite gneisses (e.g.  Kröner et al., 1989; Schoene a nd Bowring, 2010), with m inor 
supracrustal units (Fig. 1.1). The latter include s the ca. 3.55 Ga volcano -sedimentary Dwalile Suite 
in western Swaziland (Kröner and Tegtmeyer, 1994), and metasediments of unknown age in south-
central Swaziland, namely the Mkhondo Valley Metamorphic Suite (Wilson, 1980, 1982; Condie et 
al., 1996) and paragneisses form erly known as the Bloemendal/Shiselweni gneisses (Kröner et al., 
1993) but referred to here (for the sake of distinguishing between different outcrop localities) as the  
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Luboya and Kubuta gneisses (Fig. 1.1). At present,  our understanding of the geological history of 
the AGC, and its con text within th e regional framework of the evolution of the Craton is lim ited. 
Importantly, building a com prehensive m etamorphic fram ework for the AGC is essen tial to 
understanding the geodynamic history of this ancient crustal remnant. However, prior to the current 
work, no published, detailed m etamorphic studie s had been conducted on any of the rock units 
comprising the AGC. This largely stem s from the fact that the AGC is an orthogneiss-dom inated 
terrane, containing very little of the supracrustal ‘greenstone’ material that is typically more useful 
for record ing pressu re-temperature (P-T) ch ange. The ex istence of rare  m etasedimentary units  
within the AGC therefor e provides excellent o pportunities for conducting m etamorphic studies of 
this kind. The most extensively preserved of these units occur in the form of high-grade, migmatitic 
paragneisses developed along a num ber of river sections in s outh-central Swaziland, i.e. the 
Mkhondo, Ngudwane-Luboya and Matsanjeni Rivers (Fig. 1.2).  
 
 
Figure 1.2 Detailed map indicating the location of the Mkhondo, Ngudwane-Luboya and Matsanjeni Rivers 
in south-central Swaziland, and the Mkhondo Valley Metamorphic Suite (MVMS), Luboya (LUB) and 
Kubuta (KUB) metasedimentary granulites. 
 
The apparent granulite-facies metamorphism recorded by th ese gneisses contrasts with the typ ical 
greenschist- and, less comm only, amphibolite-facies  metamorphism in the BGB and the Dwalile 
greenstone remnant in western Swaziland (e.g. Dziggel et al., 2002; Diener et al., 2005; Tegtmeyer,  
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1989). The granulites may therefore potentially inform  on a multitude of  processes associated with 
cratonic assembly, crustal diffe rentiation and S-type granite ( senso stricto) production during the 
Archaean. However, in order to fully understand th e geological context within which these units 
occur, better constraints on both the conditions and ages of metamorphism are required. To date, ill-
constrained P-T es timates f or the  gneiss es were  prim arily based on th e unpublished data of 
Milisenda (1986) (e.g. Kröner et al., 1993; Condie et al., 1996). In addition, th ere has been no  
consensus on the age(s) of metam orphism, and wh ether the granulites record m ore than one high-
grade event. For exam ple Condie et al. (1996) employed a mean Pb-Pb zircon evaporation m ethod 
to date an in situ leucosome from the Mkhondo River, and obtained an age of 2745 ± 2 Ma for the 
partial melting event. Whole-rock Sm-Nd (isotope dilution) dating of pelitic gneiss sam ples by the 
same authors yielded an age of 2739 ± 154 Ma, and garnet separates from two metapelitic samples 
yielded Sm-Nd ages of 2653 ± 73 Ma and 2706 ± 61 Ma. In contrast, proposed metamorphic zircon 
grains from the Matsanjeni Rive r granulites have yielded an unpublished Pb-Pb zircon evaporation 
age of ca. 3.30 Ga for the metamorphism (Kröner et al., 1993). 
 
Differentiation of  the crust th rough partia l melti ng of  sedim entary m aterial is integ ral to the 
recycling of Earth’s continental lithosphere. Partial melting of sedim entary detritus gives rise to a  
geochemically distinct class of granitoid (i.e. ‘S-type’) which typically displays a range in 
composition from leucogranitic through m onzogranitic to granodioritic. A ch aracteristic chemical 
feature of these granites is  thei r tendency to closely reflect cert ain aspect s of t heir sour ce-rock 
chemistry, e.g. the alum inous cha racter of S- type granite sources (C happell and W hite, 1974; 
Clemens, 2003). One dom inant theory of how th is im aging occurs invol ves the entire unm elted 
fraction of the source becoming entrained in the melt during granitic magma segregation, known as 
the ‘restite entrainm ent m odel’ of Chappell and W hite (1974) (f urther developed by W hite and 
Chappell, 1977; Chappell et al., 1 987; Chappell, 1997; and Chappell et al., 2000). A recently-
proposed alternative hypothesis is that only the solid peritectic products of melting can realistically 
become entrained in the  m elt, te rmed ‘selectiv e perite ctic phase entrainm ent’ by Stevens et al. 
(2007) and Villaros et al. (2009a & b) (see also Villaros et al., 2011, and Clemens et al., 2011). The 
latter model adequately explains the variability of certain chemical parameters observed in S-type  
granites, su ch as K 2O and Na 2O, whilst a ccounting f or a  consis tently close correlation between 
other com ponents such as FeO +  MgO and TiO 2 in the sam e rocks. Although the ‘restite 
entrainment model’ of Chappell and White (1974) has come to be regarded by some as a non-viable 
process for large-scale S-type magma generation and segregation (e.g. Clemens, 1989; 2003), the  
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physical m echanisms by which ‘peritectic phase entrainment’ takes place in the source as an 
alternative m echanism (Stevens et al., 2007), and the behaviour of such entrained phases during 
magma segregation, is not yet fully understood.  
 
In light of this, in this thesis I attempt to contribute to the state of knowl edge on both the evolution 
of the Barberton-AGC early cratonic crust a nd S-type m agma production in general, by 
investigating the m etamorphism and anatexis of these poorly unders tood metasedim entary 
granulites from  south-central Swazi land (Fig. 1.2). I present the wo rk as a com pilation of  thr ee 
published and accepted manuscripts which were generated during the course of the PhD, and which 
can be summarised as follows.  
 
(1) In the f irst m anuscript I do cument granulite -facies metam orphism in m etapelites f rom the 
Mkhondo Valley Metamorphic Suite which crop out  along the Mkhondo River (Fig. 1.2). Here, a 
mid- to shallow-crustal, 830 – 850 °C partial melting event at ca. 2.73 Ga coincided with a period of 
regional crustal anatexis on the Craton. The metamorphism, and its implications for the evolution of 
the Kaapvaal Craton towards the end of the Neoarchaean, is consequently explored.  
 
(2) The second m anuscript is an investigation into the anatect ic process in the Mkhondo Valley 
Metamorphic Suite, where unique insight into the details of S-type m agma production and 
extraction from its source can be gained. In this paper I critically ev aluate the gen erally accepted 
models for restite entrainm ent to account for the chemical connection that exists between granitic  
magmas and their sources. Specific features in  the Mkhondo Valley Metamorphic Suite m igmatites 
make a strong textural and m ineral chemical case for the s elective entrainment of peritectic g arnet 
in the m agma. This m echanism m ay account for the more m afic character of  som e natural 
peraluminous S-type granites  when com pared to t ypical compositions of na tural and experim ental 
melts.  
 
(3) In the third manuscript I present a combination of metamorphic, structural and U-Pb zircon and 
monazite ag e constrain ts for the L uboya and K ubuta m etapelitic and  m etapsammitic granulites 
which crop out along the Ngudwan e-Luboya and Matsanjeni Rivers (F ig. 1.2). Rem arkably these 
migmatites, located a m ere 20 km  E to NE of  the Mkhon do Valley Metam orphic Suite,  record 
hitherto undocumented episodes of Mesoarchaean, high-grade polymetamorphism and deformation.  
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In this paper I explore the regional implications of the metamorphism, which coincided with terrane 
assembly at 3.23 Ga and consolidation of the Kaapvaal Craton between  3.23 Ga and 3.10 Ga.   
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a b s t r a c t
The 3.7–3.2Ga Ancient Gneiss Complex (AGC) of Swaziland, located S and SE of the Barberton Greenstone
Belt (BGB), is a complex geological terrane where few studies have focussed on the timing and condi-
tions of deformation and metamorphism, despite the fact that minor metasedimentary units within
the AGC provide excellent opportunities for constraining metamorphic evolution. One of these, the
Mkhondo Valley Metamorphic Suite consists of migmatitic metapelitic granulites, within which the peak
metamorphic assemblage garnet + cordierite +biotite +plagioclase +quartz±K-feldspar +melt is domi-
nant. NCKFMASHTO pseudosectionmodelling of this anatectic assemblage constrains peakmetamorphic
conditions to 850–830 ◦C and 4.4 kbars, followed by near isobaric cooling of the terrane to 680 ◦C and
3.9 kbars. These conditions indicate a period of anomalously high heat ﬂow within the crust due to the
direct addition of mantle heat. U–Pb SHRIMP dating of zircons from an in situ leucosome indicates an age
of ca. 2.73Ga for peak granulite faciesmetamorphism, approximating the age of Ventersdorp Supergroup
Stellenbosch University  http://scholar.sun.ac.zaﬂoodbasalt volcanismon the craton andwidespread intracratonic graniticmagmatism. The current study
suggests that substantial heat input to the Kaapvaal cratonic crust during underplating by Ventersdorp
related magmas, possibly related to the presence of a ∼2.7Ga mantle plume marginal to the craton, was
responsible for high-grade metamorphism in the AGC and a period associated with regional crustal ana-
texis. The resultantmid-crustal ductility andweakeningmay have initiatedmobilisation of themid-crust
ing b
tersras gneissic domes, produc
Rand Group of the Witwa
. Introduction
The Ancient Gneiss Complex (AGC) of Swaziland, located south
nd southeast of the Barberton Greenstone Belt (Fig. 1), is a
omplex Archaean terrane comprised of tonalite-trondhjemite-
ranodiorite (TTG) suite rocks and minor greenstone remnants
hich are cross-cut by numerous younger granite intrusives
Hunter, 1968, 1970, 1974; Jackson, 1984). Due to its early devel-
pment at ∼3.68–3.55Ga (Compston and Kröner, 1988) the AGC,
n combination with the Southern and Northern Barberton Ter-
anes, has been proposed to form the oldest portion of the core
o the early Kaapvaal cratonic shield around which continen-
al growth via discrete crust forming tectono-magmatic events
ook place, from 3.7 to 2.6Ga (De Wit et al., 1992). Despite
∗ Corresponding author. Tel.: +27 848760163.
E-mail addresses: jtaylor@sun.ac.za (J. Taylor), gs@sun.ac.za (G. Stevens),
ichard.armstrong@anu.edu.au (R. Armstrong), akisters@exchange.sun.ac.za
A.F.M. Kisters).
301-9268/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.precamres.2009.11.005asement uplift and sedimentary recycling of auriferous reefs of the Central
and Supergroup.
© 2009 Elsevier B.V. All rights reserved.
the potential of the AGC to inform on the processes of cratonic
assembly, surprisingly few studies have focussed on the timing
and conditions of deformation and metamorphism in these rocks.
Metasedimentary units make up a small fraction of the exposed
geology, but are disproportionately useful in their potential to
record metamorphic change during crustal recycling and growth.
One of these units, in particular, migmatitic paragneisses from
the Mkhondo Valley Metamorphic Suite (MVMS), preserves evi-
dence for a period of high-grade metamorphism in south-central
Swaziland that was accompanied by abundant in situ crustal
anatexis (Hunter, 1970, 1974; Hunter et al., 1978, 1984, 1993;
Milisenda, 1986; Wilson and Jackson, 1988; Kröner et al., 1993;
Condie et al., 1996). Although the timing of the migmatite for-
mation has recently been constrained to 2745±2Ma, the zircon
evaporation age of an in situ anatectic leucosome (Condie et al.,
1996), the geodynamic context for the high-grade metamorphism
and partial melting remains poorly understood. Ill-constrained
pressure–temperature (P–T) estimates for the MVMS range any-
where from >600 ◦C at 3kbars (Hunter, 1970) to 700–900 ◦C at
5–8kbars, and are primarily based on the unpublished metamor-
J. Taylor et al. / Precambrian Research 177 (2010) 88–102 89
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Stellenbosch University  http://scholar.sun.ac.zaig. 1. Schematic diagram showing the various components of the Archaean Kaap
white circles on the map), including the ∼2.7Ga Ventersdorp LIP outcrop and sub
988; Layer et al., 1989; Hunter et al., 1992; Meyer et al., 1994; Maphalala and Krön
t al., 2000; Kröner et al., 2000; Poujol et al., 1996, 2002, 2003; Poujol, 2001; Gericke
hic data of Milisenda (1986) (e.g. Kröner et al., 1993; Condie et al.,
996).
Assuming the above age of 2745±2Ma for peakmetamorphism
ntheMVMS is correct, the timingof thehigh-grademetamorphism
atches that proposed for continental collision and granulite facies
etamorphism in the Southern Marginal Zone of the Limpopo Belt
t ca. 2.7–2.6Ga (Fig. 1) (StevensandVanReenen, 1992;VanReenen
t al., 1995; Smit and Van Reenen, 1997; Kreissig et al., 2001), as
ell as the timing of major ∼2.71Ga ﬂood basalt volcanism on the
raton during the formation of the Ventersdorp Supergroup Large
gneous Province (LIP) (Armstrong et al., 1991; Burke et al., 1985),
nd it coincides broadly with sedimentation of auriferous reefs
ithin the 2.89–2.71Ga Central Witwatersrand basin (Coward et
l., 1995). Given the wide range in the existing P–T constraints
or peak metamorphism and the lack of information on the P–T
ath followed by these rocks, the appropriate geological setting for
igh-grademetamorphism in theAGC and its broad regional signif-
cance cannot be resolved. For example, the lowest P–T estimates
700 ◦C at 3–5kbars) are indicative of ﬂuid-present melting and
ay have resulted from high levels of radiogenic heat production,
nd/or direct transfer of magmatic heat to the crust (Sandiford and
and, 1998; Vernon et al., 1990; Wickham and Oxburgh, 1985); in
ontrast, the highest P–T estimates (900 ◦C at 8kbars) are consis-
ent with metamorphic conditions in the Southern Marginal Zone
SMZ) of the Limpopo Belt associated with crustal thickening (Van
eenen, 1983; Stevens and Van Reenen, 1992), and indicative of
uid-absent melting conditions.
Consequently, the current study aims to better constrain peak
etamorphism and partial melting in the MVMS in order to under-
tand the regional context for high-grade metamorphism andraton referred to in the text and widespread 2.8–2.7Ga magmatism on the craton
rop (for more information on the various magmatic units see Hunter and Wilson,
93; Reimold et al., 1993; Robb et al., 1992, 1993; Kamo and Davis, 1994; Henderson
; Anhaeusser and Walraven, 1999; Moore et al., 1993; Grobler and Walraven, 1993).
anatexis at a signiﬁcant time in the evolution of the craton. In addi-
tion, a U–Pb SHRIMP zircon dating technique will be applied in
an attempt to verify the single zircon evaporation age of Condie
et al. (1996) as the age of high-grade metamorphism, given the
known limitations of the evaporation method to correct for com-
mon Pb, judge the discordance of data and investigate the potential
for inheritance in the zircons.
2. General geology of the Mkhondo Valley Metamorphic
Suite
The current study focuses on the MVMS where it is best
exposed as a 4.5 km×2.5 km inlier along the Mkhondo River in
south-central Swaziland (Fig. 2). Here the MVMS is characterised
by a thick succession of migmatitic, metapelitic garnet–cordierite–
biotite–feldspar±opx bearing gneisses, metapsammitic
cordierite–biotite–feldspar gneisses, metaquartzites, BIF, biotite–
diopside–hornblende and cummingtonite–anthopyllite–cordierite
gneisses (Milisenda, 1986; Wilson and Jackson, 1988; Kröner et al.,
1993). In order to simplify the terminology the preﬁx ‘meta’ will
be omitted from our description of these units, as all the MVMS
rocks have been subjected to high-grades of metamorphism.
Wilson (1982) and Wilson and Jackson (1988) have in the past
considered theMVMS paragneisses to be high-grade equivalents of
the 2.97–2.87Ga siliciclastic Mozaan Group of the Pongola Super-
group, a correlative of theWitwatersrandSupergroup (Nelsonet al.,
1995; Hegner et al., 1984). However, limited available geochrono-
logical data on the age of detrital zircons from the MVMS have
indicated ages in excess of 3.36Ga in the case of a garnet–biotite
gneiss investigated by Kröner et al. (1993), and 3.43Ga for a
90 J. Taylor et al. / Precambrian Research 177 (2010) 88–102
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Stellenbosch University  http://scholar.sun.ac.zaig. 2. Schematic geological map of Swaziland modiﬁed after Wilson (1982). Comp
neiss, Tsawela Gneiss, Usutu Suite and Nhlangano Gneiss Domes, as well as the su
reenstone Belt (BGB) and its associated TTGs, the ∼2.98–2.87Ga Pongola Supergrou
asin, and numerous ∼2.7Ga granites in Swaziland.
iotite–quartzite investigated by Condie et al. (1996). Detailed
apping has shown that the Mkhondo Valley inlier represents
he preserved hinge zone of a doubly plunging synformal syn-
line (Wilson, 1982; Wilson and Jackson, 1988; Condie et al.,
996). Because of the deformation, age relations between the
VMSsupracrustals and surroundinggneisses aremostly obscuredCondie et al., 1996). However, locally the MVMS is closely associ-
ted with the >3.2Ga Nhlangano Granite Gneiss Dome (Schoene
nd Bowring, in press; Wilson and Jackson, 1988), and is intruded
y the undeformed ca. 2.72Ga Hlatikulu granite (Maphalala and
röner, 1993) (Fig. 2).ts of the Ancient Gneiss Complex include the Archaean TTGs, namely the Ngwane
stal Dwalile and Mkhondo Valley Metamorphic Suite. Also shown is the Barberton
∼2.87GamaﬁcUsushwana Complex intruding the northernmargins of the Pongola
3. Anatectic features of the Mkhondo Valley Metamorphic
Suite
Both pelitic and psammitic layers preserve evidence for in situ
anatexis, however, large variations in the degree of partial melt-
ing between rocks of different composition exists. Partial melting
within highly fertile pelites has produced large peritectic garnet
porphyroblasts that are composite in character. These are hosted in
isolated, lensoid-shaped leucosome pockets (Fig. 3b), or are linked
by thin, stromatic, foliation-parallel leucosomes. In areas of out-
cropwhere the degree of partialmeltingwas high, fossilmelt-ﬁlled
J. Taylor et al. / Precambrian Research 177 (2010) 88–102 91
Fig. 3. Anatectic features of the Mkhondo Valley Metamorphic Suite. In the ﬁeld photographs a pocket-knife of 10 cm is used for scale: (a) sedimentary layering in the pelites
and psammites; (b) garnet-bearing leucosomes that have developed in situ during partial melting of the highly fertile pelites; (c) cross-cutting, garnet-bearing leucosomes
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Stellenbosch University  http://scholar.sun.ac.zaarking the sights of melt accumulation; (d) a garnet-bearing melt sheet intrud
edimentary structures preserved in undeformed psammites, such as graded and tro
rior to melt drainage from these sites.hannels feed into one another to form an interconnected melt
rainage network of 2–20 cm, concordant or cross-cutting leuco-
omes that are largely undeformed (Fig. 3c). These coalesce further
nto graniticmelt sheets or small intrusive bodies of garnet-bearingdjacent psammites, and carrying xenoliths of the more competent material; (e)
ross beds; (f) garnet-bearing leucosomes intruding and brecciating the psammites,granite. Thus melt segregation appears to have been efﬁcient, and
migmatites are predominantly metatexitic in character.
Cross-cutting leucosomes and melt sheets are generally discor-
dant to the compositional layering within less fertile psammites,
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nd typically carry rafts of the more competent material (Fig. 3d).
sammites that preserve original sedimentary structures such as
raded bedding and trough-cross beds (Fig. 3e), have contributed
lasts to large melt-ﬁlled breccias. Within the breccias, meter-scale
sammitic clasts are rotated relative to one another, separated by
eucosome layers ≤10 cm thick (Fig. 3f). These structures are inter-
reted to reﬂect zones of considerable melt accumulation, within
hich clasts of unmelted rock rotated prior to collapse during melt
xtraction. The common occurrence of more competent psammitic
lasts within these breccias may indicate that deformation of com-
etent layers was important in creating space at the sites of melt
ccumulation (Kisters et al., 1998).
The above ﬁeld evidence indicates that high-grade metamor-
hism and partial melting within the MVMS was responsible for
he production of signiﬁcant volumes of S-type granitic melt.
s large garnet crystals developed in conjunction with leuco-
ig. 4. Photomicrographs: (a and b) subhedral garnet poikiloblasts, and (c) interlocking n
obate, rounded quartz and rounded biotite inclusions; (d) cordierite poikiloblasts in the p
nd K-feldspar inclusions; (e) cordierites are occasionally aligned in the foliationwhere the
f) subhedral to euhedral, coarse-grained garnet in the leucosomes is hosted in a matrix dearch 177 (2010) 88–102
somes at the sites of melting, incongruent melting of biotite via
the reaction biotite +quartz +plagioclase = garnet + cordierite +K-
feldspar +melt was likely responsible for the bulk of the melt and
for the development of the dominant peak metamorphic assem-
blage. For the purposes of this study, representative samples of
MVMS pelites and leucosomes were collected along the banks of
the Mkhondo River (26◦52′S and 31◦17′E).
4. Petrography and mineral chemistry
4.1. PelitesIn the pelites, 5–20mm poikiloblastic garnet aggregates and
0.3–2mm cordierite poikiloblasts are hosted in a ﬁne- to medium-
grained matrix consisting of platy red-brown biotite, quartz,
plagioclase±perthiticK-feldsparwithminorapatite,monazite, zir-
etworks of poikilitic garnet fragments in the pelites. The garnets contain numerous
elites contain ﬂaky or rounded biotite, rounded quartz as well as minor plagioclase
weak tomoderate fabric is deﬁned by bands ofmatrix biotite, quartz, and feldspar;
ominated by quartz and plagioclase, with minor biotite and perthitic K-feldspar.
J.Taylor
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al./Precam
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Table 1
Major element compositions and structural formulae of representative garnets, biotites, feldspars and cordierites from MVMS metapelites Mk2-2a and Mk2-2b, and leucosome Mk3.
Garnet Biotite Feldspar Cordierite
Mk2-2a Mk2-2b Mk3 Mk2-2a Mk3 Mk2-2a Mk3 Mk2-2a
Gt r Gt c Gt r Gt c Gt r Gt c Bt m Bt rGt Bt iGt Bt m Ksp Plag r Plag c Ksp Plag Crd
SiO2 37.76 38.06 37.31 37.49 36.28 37.05 SiO2 36.00 35.62 36.98 35.13 SiO2 65.97 69.09 64.49 65.26 63.07 SiO2 50.56
Al2O3 21.49 21.76 21.24 21.53 20.83 21.10 TiO2 4.06 2.76 3.67 3.20 Al2O3 18.72 19.51 22.74 18.33 23.21 Al2O3 31.52
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 Al2O3 17.49 17.81 18.33 17.27 FeO 0.00 0.00 0.00 0.00 0.00 FeO 8.72
Fe2O3 0.57 1.83 1.62 1.94 3.25 2.44 Cr2O3 0.27 0.15 0.22 0.00 CaO 0.06 0.43 3.27 0.00 4.55 MnO 0.00
FeO 34.82 33.55 36.05 33.25 34.08 33.62 FeO 20.45 19.13 14.21 20.84 Na2O 5.72 11.50 9.69 3.57 8.97 MgO 8.53
MnO 0.47 0.39 0.34 0.46 1.43 1.01 MnO 0.00 0.00 0.00 0.00 K2O 8.27 0.11 0.31 11.40 0.21 CaO 0.00
MgO 5.00 6.06 4.08 5.74 3.82 4.82 MgO 9.27 11.10 13.31 9.15 BaO 0.54 0.00 0.00 0.37 0.00 Na2O 0.26
CaO 0.74 0.61 0.74 0.71 0.83 0.85 Na2O 0.32 0.25 0.66 0.31 Totals 99.34 100.70 100.78 98.93 100.08 K2O 0.00
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 K2O 9.68 8.97 9.06 9.21 Si 3.00 3.00 2.83 3.00 2.79 Totals 99.59
K2O 0.00 0.00 0.00 0.00 0.00 0.00 Totals 97.54 95.79 96.44 95.10 Al 1.00 1.00 1.17 0.99 1.21 Si 5.14
Totals 100.84 102.26 101.39 101.11 100.53 100.88 Si 5.40 5.38 5.41 5.41 Fe2+ 0.00 0.00 0.00 0.00 0.00 Al 3.78
Si 2.98 2.95 2.96 2.95 2.91 2.94 Ti 0.46 0.31 0.40 0.37 Ca 0.00 0.02 0.15 0.00 0.22 Fe2+ 0.74
Al 2.00 1.99 1.99 1.99 1.97 1.97 AlIV 2.60 2.62 2.59 2.59 Na 0.50 0.97 0.82 0.32 0.77 Mn 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 AlIV 0.49 0.56 0.58 0.55 K 0.48 0.01 0.02 0.67 0.01 Mg 1.29
Fe3+ 0.03 0.11 0.10 0.11 0.20 0.15 Cr 0.03 0.02 0.03 0.00 Ba 0.01 0.00 0.00 0.01 0.00 Ca 0.00
Fe2+ 2.30 2.18 2.39 2.18 2.29 2.23 Fe2+ 2.56 2.42 1.74 2.68 Totals 4.99 4.99 4.99 4.99 5.00 Na 0.05
Mn 0.03 0.03 0.02 0.03 0.10 0.07 Mn 0.00 0.00 0.00 0.00 XAb 0.51 0.97 0.83 0.32 0.77 K 0.00
Mg 0.59 0.70 0.48 0.67 0.46 0.57 Mg 2.07 2.50 2.90 2.10 XAn 0.00 0.02 0.15 0.00 0.22 Totals 11.00
Ca 0.06 0.05 0.06 0.06 0.07 0.07 Na 0.09 0.07 0.19 0.09 XSan 0.49 0.01 0.02 0.68 0.01 XFeCrd 0.36
Na 0.00 0.00 0.00 0.00 0.00 0.00 K 1.85 1.73 1.69 1.81 XMgCrd 0.64
K 0.00 0.00 0.00 0.00 0.00 0.00 Totals 15.56 15.61 15.53 15.60 Mg# 63.54
Totals 8.00 8.00 8.00 8.00 8.00 8.00 Mg# 44.69 50.84 62.54 43.89
XAlm 0.77 0.74 0.81 0.74 0.79 0.76
XSpss 0.01 0.01 0.01 0.01 0.03 0.02
XPy 0.20 0.24 0.16 0.23 0.16 0.19
XGrs 0.02 0.02 0.02 0.02 0.02 0.02
Mg# 20.38 24.34 16.79 23.51 16.66 20.34
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite, 8 oxygens for feldspar, and 18 oxygens for cordierite. XAlm = Fe2+/(Fe2+ +Mn+Mg+Ca), XSpss =Mn/(Fe2+ +Mn+Mg+Ca), XPy =Mg/(Fe2+
+Mn+Mg+Ca),XGrs = Ca/(Fe2+ +Mn+Mg+Ca),Mg#=100×Mg/(Mg+Fe2+),XAb =Na/(Ca +Na+K),XAn = Ca/(Ca +Na+K),XSan =K/(Ca +Na+K),XFeCrd = Fe2+ = (Fe2+ +Mg),XMgCrd =Mg/(Fe2+ +Mg). Gt = garnet; Bt =biotite; Ksp=perthitic
K-feldspar; Plag =plagioclase; Crd= cordierite; c = core; r = rim; m=matrix; rGt = rimming garnet; iGt = inclusion in garnet.
Stellenbosch University  http://scholar.sun.ac.za
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on, pyrite and ilmenite as accessory phases. Garnet aggregates
re made up of an interlocking network of crystals consisting
f 1–3mm subhedral garnet poikiloblasts (Fig. 4a and b), or
0–600m anhedral poikilitic garnet fragments (Fig. 4c). Garnets
n the pelites are characterised by numerous, lobate 10–300m
uartz inclusions and rounded, 10–50mbiotite inclusions (Fig. 4a
nd b). Garnets with embayed margins are commonly surrounded
ymoats of coarse crystalline quartz and feldspar (Fig. 4b). Compo-
itionally, the garnet is an Fe-rich, almandine-pyrope solid-solution
ith minor grossular and spessertine components (Table 1). Gar-
et core compositions between samples vary from XAlm (Fe2+/(Fe2+
Mg + Ca + Mn)) = 0.71–0.76, XPy (Mg/(Fe2+ + Mg + Ca + Mn))
0.20–0.26, XSpss (Mn/(Fe2+ + Mg + Ca + Mn)) = 0.01–0.02 and
g# (100 × Mg/(Mg + Fe2+)) = 20–27. Garnets are largely unzoned
n terms of their major element chemistry, with broad homoge-
ous cores surrounded by thin 5–20mretrograde rims displaying
lightly lower Mg# and higher XSpss.
Anhedral cordierite poikiloblasts contain abundant rounded
iotite, rounded quartz as well as minor plagioclase and K-feldspar
nclusions (Fig. 4d). Cordierite is unzoned, ranges in composition
rom Mg# 63–70 between samples (Table 1), and is highly pini-
ized in places. Cordierite poikiloblasts are occasionally aligned in
he foliation (Fig. 4e), the weak to moderate fabric in the rocks
eﬁned by bands of matrix biotite, quartz, and feldspar. In at least
ne of the samples, large perthitic K-feldspar crystals are aligned
n the foliation, demonstrating that K-feldspar formed part of the
riginal peak assemblage and did not grow entirely as a result of
elt crystallisation. Na-rich matrix plagioclase typically displays
light zonation with XAb =Na/(Ca +Na+K) =0.78–0.83 in the cores
nd XAb =0.94–0.98 in the rims (Table 1). Perthitic K-feldspar con-
ains XSan =K/(Ca +Na+K) =0.5–0.7 and XAb =0.3–0.5, and is only
resent in certain samples (Table 1). Patchy sericitization of both
lagioclase and K-feldspar is common.
Three textural and compositional varieties of biotite are present
Table 1). These include small, rounded high Ti4+, high Mg#
iotites included in garnet, interpreted to be remnants of the high-
emperature biotite that underwent incongruent melting during
eritectic garnet growth; foliated matrix biotite of intermediate
omposition, also occurring as inclusions in cordierite; and lastly,
inor, coarse-grained, low Ti4+, low Mg# retrograde biotite rim-
ing and replacing garnet..2. Leucosomes
Leucosomes and melt sheets contain coarse-grained aggregates
f subhedral to euhedral garnets hosted in a matrix dominated
y quartz and plagioclase, with minor interstitial biotite and
able 2
epresentative whole-rock compositions of metapelites and a garnet-bearing leucosome
Wt% Oxide Metapelites (Grt +Crd+Bt +Plag +Qtz±Kspar)
Mk 2-1 Mk 2-2a Mk 2-2
SiO2 57.00 57.50 70.31
TiO2 0.86 0.88 0.46
Cr2O3 0.35 0.25 0.09
Al2O3 19.54 17.30 12.19
Fe2O3 13.47 14.27 10.45
MnO 0.07 0.06 0.04
MgO 5.29 5.95 4.08
CaO 0.26 0.45 0.48
Na2O 0.84 0.06 0.65
K2O 3.49 2.65 1.32
P2O5 0.04 0.05 0.04
NiO 0.03 0.06 0.06
Total 101.26 99.48 100.17
Mg# 44 45 44earch 177 (2010) 88–102
perthitic K-feldspar (Fig. 4f). Compared to the peritectic garnets
in the pelites, leucosome garnets are less poikilitic with uniform,
inclusion-free zones separated by abundant mica-ﬁlled joins and
fractures.However, theydooccasionally contain the same rounded,
high Ti4+, high Mg# biotite inclusions that characterise the peritec-
tic garnets in the pelites, and since leucosome and pelitic garnet
compositions and their inclusion suites are identical (Table 1),
the garnets in the leucosomes are interpreted to be peritectic
in origin. These garnets also contain large (700–1000m), com-
plex quartz±plagioclase inclusions with low angle terminations
(Fig. 4f), interpreted as melt inclusions (Holness, 2006).
5. Mineral equilibria modelling
A powerful approach to constraining metamorphic conditions
in rocks of this kind involves the use of equilibrium phase dia-
grams constructed within the conﬁnes of a speciﬁc bulk-rock
composition, i.e. pseudosections (Powell et al., 1998). Pseudosec-
tions have been successfully applied to evaluate phase relations
and mineral assemblage stability, through the use of an inter-
nally consistent thermodynamic dataset (Powell and Holland,
1985, 1988) and the software program Thermocalc. This dataset
presently includes a broad range of end-members of phases,
allowing for modelling in large and complex chemical systems
like MnO–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2
(MnNCKFMASHTO), thereby including all the main components
that controlmetamorphic assemblages inmetapelites (Hollandand
Powell, 1990, 1998;White et al., 2001; Johnson et al., 2003; Johnson
and Brown, 2004). An additional reﬁnement has been the develop-
ment of a thermodynamicmodel for silicatemelt, so as to constrain
melt-bearing equilibria in high-grade pelites (Holland and Powell,
2001).
Pseudosections were calculated for metapelite sample Mk2-2a
(Table 2), and the equilibrium assemblage stable at peak metamor-
phic conditions, i.e. grt + bt + crd+plag +kspar + ilm+qrtz +melt,
located in P–T space. The low variance of this assemblage
makes it an ideal candidate for constraining metamorphism,
given the typically restricted nature of low variance ﬁelds
in P–T–X space. Modelling was undertaken using Thermocalc
3.30 (Powell and Holland, 1988) and the internally consistent
dataset of Holland and Powell (1998, and subsequent upgrades),
in the chemical system NCKFMASHTO. XRF data converted to
molar percent of the oxide was used as an effective bulk-
rock constraint (SiO2 =63.75, Al2O3 =11.3, CaO=0.54, MgO=9.84,
FeO=11.9, K2O=1.87,Na2O=0.064, TiO2 =0.734, 0 =0.297molar%),
quartz was treated as a saturated phase and the ferric iron content
of the rock was estimated at ±5% of total iron.
from the MVMS.
Leucosome
b Mk4 Mk 5 Mk 3
57.17 57.98 70.93
0.69 0.88 0.47
0.27 0.33 0.05
16.98 20.36 15.02
14.83 9.16 3.57
0.07 0.04 0.03
7.51 4.09 1.20
0.19 0.31 1.74
0.19 1.52 3.58
1.99 5.80 3.45
0.02 0.03 0.10
0.06 0.03 0.02
100.01 100.55 100.02
50 47 40
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Fig. 5. Symbols: g = garnet; bi = biotite; cd = cordierite; pl =plagioclase; ksp=K-feldspar; lm= ilmenite; liq =melt; opx=orthopyroxene; sill = sillimanite; ky =kyanite;
ged=gedrite. (a) NCKFMASHTO (+qtz in excess) T − XH2O pseudosection for metapelite Mk2-2a (SiO2 =63.75, Al2O3 =11.3, CaO=0.54, MgO=9.84, FeO=11.9, K2O=1.87,
Na2O=0.064, TiO2 =0.734, O=0.297molar%) at a ﬁxed pressure of 4.8 kbars, with variation in bulk water content from 0 to 10molar% (±0–3wt% H2O). The stippled black
line represents the solidus, and the stippled white line those ﬁelds with free H2O as part of the assemblage. At 4.8 kbars, the peak assemblage g+bi + cd+pl + ksp+ lm+ liq
is stable and plots in a small triangular ﬁeld between 830 and 850 ◦C and 3.9–4.7molar% H2O, consistent with a ﬂuid-absent metamorphic evolution. (b) NCKFMASHTO
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Stellenbosch University  http://scholar.sun.ac.za+qtz in excess) P–T pseudosection for Mk2-2a at a ﬁxed H2O content of 4.4mola
+bi + cd+pl + ksp+ lm+ liqoccupiesanarrowﬁeld to the rightof thecentreof thedia
nd 4.4–6.4 kbars. The x(g), x(cd) and x(bi) = Fe2+/(Fe2+ +Mg)mineral compositional i
nd deﬁnes a relatively ﬂat cooling path followed during the retrograde evolution o
.1. Constraining H2O in the bulk composition: T − XH2O
seudosection
Pseudosections represent a two-dimensional slice through
–T–X space, where X can be a variety of variables including bulk-
ock composition, bulk Mg#, or water activity (aH2O). This allows
or the investigation of the dependence of mineral equilibria on
wo of the variables (P, T or X), with the third variable ﬁxed (Kelsey
t al., 2003). As water controls the kinetics and rates of metamor-
hic reactions, as well as the P–T conditions and degree of partial
elting, the choice of water content in the bulk composition is
rucial when modelling anatexis. Consequently, a T − XH2O section,
nvestigating thedependenceof themineral equilibria onbulk-H2O
ontent, was used to constrain the maximum rock H2O content to
alues consistent with the formation of the observed peak assem-
lage (Fig. 5a). This approach differs slightly from the convention
f assuming the lowest possible bulk-H2O content to fully hydrate
he assemblage below the wet solidus (White et al., 2001).
Fig. 5a is a T − XH2O section for the bulk composi-
ion of metapelite Mk2-2a at a ﬁxed pressure of 4.8 kbars,
ith the x-axis representing variation in bulk water con-
ent from 0 to 10molar% (±0–3wt% H2O). The diagram
emonstrates that at this pressure, the relevant assemblage
rt + bt + crd+plag +kspar + ilm+qrtz +melt is stable, and plots
n a small triangular ﬁeld between 3.9 and 4.7molar% H2O and
30–850 ◦C. The solidus is shown as a stippled black line in Fig. 5a.
he stability ﬁeld of the peak assemblage is constrained by twouni-
ariant reaction lines and the solidus. Up temperature, opx comese stippled black line represents the solidus. The peak metamorphic assemblage,
(highlighted inblack), constrainingpeakmetamorphismin theMVMSto830–855 ◦C
hs, shown as dark dashed lines in the ﬁgure, constrains peakmetamorphism further
rocks.
into the assemblage, at slightly higher H2O contents K-feldspar
leaves the assemblage, and immediately down temperature the
solidus is crossed. The isochemical heating path, admittedly
ignoring the inevitable concurrent pressure increase, is consistent
with a ﬂuid-absent metamorphic evolution. Investigation of the
pressure stability of this ﬁeld through a P − XH2O section reveals
that it is elongated in the pressure direction and remains stable
over a narrow range in H2O contents (4.2–5.0molar%), between
4.5 and 6.2 kbars. Therefore, given the restricted nature of the
relevant ﬁeld in P − T − XH2O space, a water content of 4.4molar%
H2O was chosen to model the P–T stability of this assemblage in
more detail.
5.2. P–T pseudosection
A P–T pseudosection for Mk2-2a is presented in Fig. 5b. The
diagram illustrates that the peak mineral assemblage occupies a
narrow ﬁeld between 830 and 855 ◦C and 4.4–6.4 kbars. Fairly rigid
pressure limits are provided by the sillimanite-in univariant reac-
tion line up pressure, the opx-in univariant reaction line down
pressure, the solidus to the left (stippled black line in Fig. 5b)
and the plagioclase-out univariant reaction line up temperature.
As temperature increases and melting proceeds, mole proportions
of plagioclase and biotite rapidly decrease until ﬁrst plagioclase,
and then biotite, leaves the assemblage. This is consistent with a
plagioclase and biotite-consuming, garnet producing melting reac-
tion. Since ﬁeld and petrographic evidence suggest that garnet is
producedat the sitesofmelting, and that there isno textural ormin-
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ral chemical evidence for an earlier generation of garnet growth,
he bulk of the garnet is interpreted to be peritectic.
Peak conditions for granulite facies metamorphism and ana-
exis in this sample is therefore constrained to 830–855 ◦C and
.4–6.4 kbars, consistent with experiments that have investi-
ated ﬂuid-absent partial melting in rocks of similar composition
Vielzeuf and Holloway, 1988; Patin˜o Douce and Beard, 1995;
tevens et al., 1997). Field evidence describing the metatexitic
haracter of the MVMS migmatites presented in earlier sections
f the paper, indicates that efﬁcient melt segregation and extrac-
ion took place at or near to the conditions of peak metamorphism.
n addition, the restitic character of the metapelites and well-
reserved granulite facies mineral assemblage is consistent with
ubstantialmelt-lossduringpeakmetamorphism.Whenmodelling
natexis, it is important to consider the role that melt-loss plays in
odifying the rock’s original bulk composition, and upon cooling
reventing prograde reactions from being reversed (White et al.,
001;White and Powell, 2002). Thus,where considerablemelt-loss
as occurred, only the peak and post-peak metamorphic evolu-
ion of a rock can be reliably modelled. In addition, no record of
he prograde history (e.g. inclusion suites, replacement textures
r different generations of mineral growth) prior to peak meta-
orphism and melt-loss from the MVMS metapelites is preserved.
herefore, in order to more accurately constrain peak metamor-
hismand the retrogradepath followedby the rocksduringcooling,
ig. 5b was contoured for garnet compositional isopleths and com-
ared to measured garnet core x(g) = Fe2+/(Fe2+ +Mg) =0.76 and
im x(g) = Fe2+/(Fe2+ +Mg) =0.80 compositions in Mk2-2a. Fig. 5b
hows the x(g) = 0.76 core compositional isopleth intersecting
he peak assemblage at 830 ◦C and 4.4 kbars. Similarly, the rele-
ant matrix cordierite x(cd) = Fe2+/(Fe2+ +Mg) =0.36 compositional
sopleth intersects the peak assemblage close to the x(g) iso-
leth, indicating that the P–T conditions of peak metamorphism
ie in the lower pressure part of the peak assemblage stabil-
ty ﬁeld. In contrast, pressure constraints on the rock during
ts retrograde evolution are provided by the sillimanite-bearing
nd opx bearing ﬁelds at high- and low-pressure, respectively,
hichbound the grt + bt + crd+plag + ilm+qrtz ﬁeld throughwhich
he rock must have cooled. Fig. 5b shows the x(g) = 0.80 rim
ompositional isopleth intersecting the appropriate ﬁeld at low
emperature, indicating equilibration of the garnet rims between
10 and 650 ◦C and 4.2–3.4 kbars. This garnet rim composition
lso intersects the average retrograde biotite composition in the
ock, i.e. biotite rimming and replacing garnet with a composi-
ion x(bi) = Fe2+/(Fe2+ +Mg) =0.49, at±680 ◦Cand3.9 kbars (Fig. 5b).
herefore, the best constrained retrograde path followed by the
ocks indicates substantial cooling following peak metamorphism
rom ±850–830 to 680 ◦C, with only slight concurrent decompres-
ion.
. Zircon U–Pb geochronology
Zircon grains extracted from an in situ garnet-bearing leuco-
ome Mk3 are short, prismatic and subhedral to euhedral. They
re generally red-brown to dark-brown in transmitted light, and
ange in size from80 to 200m. Some grains have slightly rounded
dges towards their apex, giving them a spheroidal shape, and oth-
rs are more elongate in form. They are translucent to extremely
loudy or opaque (high-U metamict grains), with rare transparent
ores. Most grains are fractured, with radial cracks stemming from
heir cores, and contain abundant biotite and other unidentiﬁed
nclusions. CL imaging reveals that the zircons commonly display
nzoned central areas surrounded by ﬁne-scale magmatic oscil-
atory zoning of varying intensity and width, typical of magmatic
ircon crystallised in the presence of amelt. However, this zonation
attern is truncated at sites of embayment by uniform grey over- Ta
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eveals unzoned central areas surrounded by ﬁne-scale magmatic oscillatory zon
vergrowths or distinctly bright rims. There is no geochronological evidence to s
agmatic to metamorphic history falls within the uncertainty limits of the age calc
rowths or distinctly bright rims. For the analysis of these zircons,
HRIMP spots were targeted in the unzoned central portions, the
oned domains interpreted to reﬂect magmatic crystallisation, as
ell as in the rim overgrowths. SHRIMP U–Pb analyses reveal cores
re typically characterised by low-U concentrations; areas which
isplayed oscillatory zonation contain high-U concentrations; and
rey embayments or rims of bright recrystallised zircon have rel-
tively low Th/U ratios (∼0.07), consistent with a metamorphic
rigin.
Most of the SHRIMP U–Pb analyses, especially of the high-
zircon domains, are extremely discordant and offer limited
eochronological information. High common Pb in the zircons
orrelates with elevated U contents, conﬁrming a relationship
etween metamictisation, alteration and Pb-loss. A small set of
oncordant/near-concordant data from leucosome Mk3 (Table 3)
lots as a linear cluster near Concordia (Fig. 6), where an upper
ntercept age of 2732.4±7.6Ma (n=6; MSWD [mean square of
eighted deviates] = 0.97) can be calculated, as well as a weighted
ean 207Pb/206Pb age of 2729.6±4.9Ma (MSWD=0.98). Some of
hese concordant analyses were derived from zircon cores and
thers from embayments or rims, and if there is a magmatic to
etamorphic history recorded in the structure of the zircons, then
he age of the metamorphic rims are within error of the magmatic
ge.
. Discussion.1. The age of high-grade metamorphism
Although zircons from the MVMS leucosome appear complex
n terms of their internal structure and Th/U content, there is no
eochronological evidence to suggest a signiﬁcant difference in agen situ anatectic leucosome, Mk3. Cathodoluminescence (CL) imaging of the zircons
f varying intensity and width, truncated at sites of embayment by uniform grey
t an age difference between the various structural domains, and any record of a
ns.
between thevarious structural domains.All the concordantornear-
concordant data (≥94% concordant),whether produced fromrimor
core domains indicate, within error, the same age. Thus, although
there is clear textural and mineral chemical evidence for meta-
morphic growth/recrystallisation on zoned, magmatic grains, as
well as textural evidence for the existence of older cores, none of
the zircon domains have discernibly different ages. As the MVMS
leucosomes were derived from the partial melting of metasedi-
ment, it is logical to expect the zircons to carry some record of
inheritance. The fact that they do not, may be interpreted in one
of two ways given our current understanding of metamorphism
and partial melting in the MVMS. The ﬁrst possibility involves
complete resetting of the U–Pb isotope system during peak gran-
ulite facies metamorphism. However, this seems unlikely since
volume diffusion of Pb in zircon is generally considered insignif-
icant for most conditions realised in the earth’s crust (Mezger and
Krogstad, 1997). Calculated closure temperatures for the diffu-
sion of Pb in average sized zircons, using the traditional Dodson
(1973) equation, are high (Lee et al., 1997; Cherniak and Watson,
2000). Field based studies also indicate closure temperatures in
excess of 950–1000 ◦C for Pb in zircon (e.g. Claoué-Long et al.,
1991;Williams, 1992),muchhigher thanpeakmetamorphic condi-
tions reached in the MVMS. A more plausible explanation involves
the solubility of zircon and monazite within silicate melt, relative
to their abundance in the source (Kelsey et al., 2008). We sug-
gest that zircon cores represent magmatic zircon crystallised from
in situ melts, early in the rock’s cooling history, at a time when
most of the monazite and therefore available Th was completely
dissolved in the melt. This may explain the high Th/U character
of the core domains. Upon further cooling, late-stage growth or
recrystallisation of zircon on zoned, magmatic grains may have
occurred concurrentwithmonazite crystallisation, either via a pro-
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ess of dissolution-precipitation following melt extraction, or via
ubsolidus recrystallisation similar to that described by Pidgeon
1992) and Pidgeon et al. (1998), producing rims with a relatively
ow Th/U signature.
The very small cluster of concordant to near-concordant
im and core ages, however, allows for their combined age of
732.4±7.6Ma and weighted mean age of 2729.6±4.9Ma to be
nterpreted as the best current estimate of the age of high-grade
etamorphismandpartialmelting in theMVMS. TheU–PbSHRIMP
ge comes close to being within error of Condie et al.’s 2745±2Ma
ircon evaporation age, and the current data therefore conﬁrms
nd extends this age. The fact that the zircon evaporation age is
lightly older may be attributed to the bulk sampling technique
mployed by Condie et al., and the inclusion of some small frac-
ion of inherited material in the analysis. We interpret our age to
e more accurate due to the inability of the evaporation method to
orrect for common Pb and to judge the discordance of data.
.2. Origin of the metamorphism
The relatively tightly constrained conditions for peak metamor-
hism and anatexis indicate that the MVMS sediments underwent
ranulite facies (850–830 ◦C) metamorphism at a crustal depth of
pproximately 15km. This translates to anelevated apparentmeta-
orphic ﬁeld gradient of ±55 ◦C/km. Furthermore, pseudosection
odelling shows that the garnet preserved in the rocks equili-
rated at 830 ◦C and 4.4 kbars, followed by near isobaric cooling
o 680 ◦C and 3.9 kbars. Although the granulites are not amenable
o constraining their prograde evolution (for reasons already dis-
ussed) and therefore the overall shape of the P–T path, some
nferences can be made using the current peak and post-peak
–T constraints, which is in itself diagnostic of tectonic envi-
onment. The MVMS underwent granulite facies metamorphism
nvolving extensive biotite ﬂuid-absent melting at moderate- to
hallow-crustal depths, followed by substantial cooling without
igniﬁcant decompression during or after peak metamorphism.
his is unlike metamorphic rocks typical of continental colli-
ion belts which are buried and metamorphosed at depth and
ommonly undergo isothermal decompression following peak
etamorphism (England and Thompson, 1984; Thompson and
ngland, 1984). In contrast, models to explain regional terranes
ith comparable low-medium P, high-T metamorphism, isobaric
ooling and ﬂat P–T paths, typically involve extension of hot over-
hickened crust, either during convective thinning or delamination
f the lower lithosphere (e.g. Damara Belt, Jung, 2000; Namaqua-
and Metamorphic Complex, Waters, 1990 and Gibson et al., 1996;
ount Stafford, Loosveld and Etheridge, 1990, Vernon et al., 1990
nd Greenﬁeld et al., 1998; Napier Complex, Harley, 1988), or
lternatively, extension and thinning of normal thickness crust
ssociatedwith intra-continental rifts (Sandiford andPowell, 1986;
ickham and Oxburgh, 1985) or continental mantle plumes (Zhao
t al., 1998, 1999, 2001). Here, metamorphism may be enhanced
y the introduction of felsic magmas into the upper crust as a local
ource of heat superimposed on a regional thermal pulse (Lux et al.,
986; Collins et al., 1991). A common feature of all of these models,
owever, is the amount of advectedmantle heat that is required for
id- to shallow-crustal, granulite facies metamorphism to occur.
he metamorphic conditions in the MVMS are therefore inter-
reted to reﬂect a period of anomalously high heat ﬂow within the
rust, although the speciﬁc setting most applicable to the MVMS
an be determined only once metamorphism is considered within
more regional context.
Orogenic collapse and extension of over-thickened crust seems
lausible at ﬁrst, in light of the inferred timing of continental colli-
ion in the Southern Marginal Zone (SMZ) of the Limpopo Belt (Van
eenen et al., 1995; Smit and Van Reenen, 1997) (Fig. 1), whereearch 177 (2010) 88–102
recent data has indicated an age of 2691±7Ma for peak metamor-
phism (Kreissig et al., 2001). However, signiﬁcant thickening of the
crust during the ∼2.7Ga Limpopo Orogeny seems unlikely consid-
ering the lack of extensive regional deformation, metamorphism
and uplift that one would expect in areas such as the Barberton
Greenstone Belt (BGB) and AGC. In fact, late D3 deformation in
the BGB and the emplacement of sheet-like potassic granites at
∼3.10–3.07Ga (Mpuluzi, Pigg’s Peak, Nelspruit, and Heerenveen
batholiths), during a period of late-stage crustal convergence fol-
lowing D2 deformation (De Ronde and De Wit, 1994; Belcher and
Kisters, 2006), is the last penetrative deformation event recorded
in the belt (Schoene et al., 2008). In addition, thermochronology
suggests that the BGB has not experienced temperatures in excess
of 300 ◦C since ∼3.10Ga (Toulkeridis et al., 1994).
A regionally signiﬁcant event that was broadly coeval with
high-grade metamorphism in the MVMS was the voluminous
outpourings of the Ventersdorp Supergroup ﬂood basalts at
2714±8Ma (Klipriviersberg Group) and at 2709±4Ma (Platberg
Group), in major NE–SW trending grabens and extensional basins
(Fig. 1) (Armstrong et al., 1991; Burke et al., 1985; Stanistreet
and McCarthy, 1991). The Ventersdorp magmas are comprised of
maﬁc/ultramaﬁc lavas with geochemistries indicative of both a
lithospheric and asthenosphericmantle source (Nelson et al., 1992;
Marsh et al., 1992), and were directly derived from extensive par-
tialmelting in themantle. This period in theNeoarchaean evolution
of the Kaapvaal craton is also associated with widespread crustal
anatexis andpost-tectonicgraniticmagmatism(Fig. 1) (Poujol et al.,
2003). A signiﬁcant proportion of these granites intruded the Bar-
berton and AGC terranes, and areas surrounding the Pongola Basin
between 2.74 and 2.69Ga, with a deﬁnite peak at ∼2.72Ga (Fig. 2),
as numerous small, I-type bodies with geochemical characteris-
tics of modern, within-plate granites (Hunter and Wilson, 1988;
Layer et al., 1989; Hunter et al., 1992;Meyer et al., 1994;Maphalala
and Kröner, 1993; Reimold et al., 1993; Robb et al., 1993; Kamo
and Davis, 1994). Further evidence of a regional anatectic event is
found within xenoliths from central Kaapvaal craton kimberlites,
which indicate a period of ultra-high-temperature metamorphism
andpartialmelting in the lower crust, concurrentwithVentersdorp
magmatism, at ca. 2720–2715Ma (Schmitz and Bowring, 2003).
Schmitz and Bowring (2003) have constrained the precise onset
of partial melting in the deep crust to ca. 2743–2730Ma, by dating
the oldest, oscillatory zoned zircon growth phases, an age which is
directly comparable to high-grade metamorphism in the MVMS.
Thus, mid-crustal granulite facies metamorphism and anatexis
in theAGCat ca. 2.73Ga, andwidespreadmeltingof ananomalously
hot crust, appear to have been broadly coeval with Ventersdorp
magmatism resulting from extensive partial melting in the mantle,
under- or intra-plating of mantle-derived melts, and major heating
of the Kaapvaal craton crust.
7.3. Evidence of a mantle plume?
Mantle plumes have commonly been proposed to account for
a globally recognised magmatic event at ∼2.7Ga (Nelson, 1998;
Condie, 1998, 2001a; Isley and Abbott, 1999), an event which was
widely associated with crustal extension and ﬂood basalt volcan-
ism. Record of this is found on the Superior craton (Uchi and
Hemlo granite-greenstone belts), the Slave Province (Yellowknife
Supergroup), the Pilbara craton (Nullagine and Mount Jope Super-
sequences, the Fortescue Group), Southern India, the Eastern Block
of the North China Craton, and, the Kaapvaal craton (Calvert et al.,
2004; Beakhouse and Davis, 2005; Blake, 1993; Jayananda et al.,
2000; Zhao et al., 1998, 1999, 2001; Eriksson et al., 2002). Condie
(1998, 2001a) and Eriksson et al. (2002) have suggested that Ven-
tersdorpmagmatismandextensionwere related to the rapidascent
of ponded plume magma beneath thinned sub-Witwatersrand
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ithosphere (Sleep, 1997), transported laterally from a plume head
ituated marginally to the craton during the late Archaean. The
arginal location of the plume is invoked to explain the apparent
ack of km-scale, regional uplift typically associated with a plume.
his is compatible with the presence of 3.2–2.9Ga aged diamonds
eneath the craton (Richardson et al., 2001) and the apparent exis-
ence of a thick, intact, lithospheric mantle keel since these times.
f there was indeed a Ventersdorp aged plume, underplating and
onding of magma beneath thinned lithosphere in areas such as
he Witwatersrand and Pongola basins would have induced high-
rade metamorphism and initiated partial melting of the overlying
rust.
.4. Implications for the Kaapvaal cratonic crust: basement
oming during Upper Central Rand deposition
The MVMS granulites offer an unique opportunity to peer into
he mid-crust of the Kaapvaal craton during the Neoarchaean. A
triking implication is that high-grade metamorphism and partial
eltingatdepthsof only15–20kmsuggest thebrittle–ductile tran-
ition in the crust was situated at a rather shallow level. This may
ave resulted in signiﬁcant rheological weakening of the crust, and
as implications for basement structure by promoting ductile ﬂow
t mid- and upper crustal levels. The activation of basement domes
ithin the vicinity of the MVMS, i.e. the Nhlangano Gneiss Domes
Fig. 2) (Wilson, 1982; Wilson and Jackson, 1988), may be evidence
f this. Based on the relationship between metamorphic grade and
hepositionof supracrustals around thedomes,Wilson and Jackson
1988) suggested a causal link between doming and high-grade
etamorphism, however, the precise timing of dome activation
s unknown. Recent ion microprobe zircon dating has indicated a
rystallisation age of >3.23–3.22Ga for the Nhlangano Gneiss, plac-
ng it within the category of AGC basement (Schoene and Bowring,
n press). We suggest crustal weakening at the time of the pro-
osed high-grade metamorphism, and the resulting instability, to
ave been the true cause of the doming. This would not only serve
s a mechanism for bringing rocks metamorphosed at a depth of
5 km to surface, but may explain the observed deformation and
olding within the MVMS.
The ﬁnal stages of Upper Central Rand Group deposition within
he economically important 2.89–2.71Ga Central Rand basin
Fig. 1), 300km east of the MVMS, may therefore also have taken
lace upon rheologically weakened crust. This period of Witwater-
rand development and the concentration of placer gold within the
asin coincides with the timing of high-grade metamorphism in
he MVMS, ending abruptly at 2714Ma with Ventersdorp volcan-
sm. Several Wits-based studies have described syn-sedimentary
asement uplift and the effects of changing basement topography
n facies changes within the basin. A number of basement domes
anking the basin margins have been identiﬁed (Fig. 1), namely
he Johannesburg, Devon, Cedarmont, Westerdam, Vreysrus (Rand
nticline), Villiers, Hartebeesfontein, Edenville, Steynsrus and
esselsbron Domes (Minter et al., 1986; Anhaeusser, 1973, 1992;
obb andMeyer, 1987; Poujol and Anhaeusser, 2001). For example,
weedie (1986) concluded that the concentrationof goldwithin the
vander Basin (Fig. 1), a subsidiary to the main Central Rand basin
ndhost to theKimberleyReefdeposit, tookplaceduring successive
ransgressive and regressive phases directly related to activation
nd uplift of the nearby Devon Dome, which was terminated by
he Ventersdorp lavas. Stanistreet and McCarthy (1991) suggested
hat the active tectonics associated with Central Rand basin devel-
pment was largely controlled by NE–SW directed compression
nd regional shortening, resulting in the syn-sedimentary folds
nd strike-slip block faulting that is so characteristic of the Central
and basin. Hence, both the shallow location of the brittle–ductile
ransition, and, coupling of the ductile portion of the crust to theearch 177 (2010) 88–102 99
brittle upper crust, are likely to have found their manifestation in
theactive syn-sedimentary tectonics andhighlydynamicbasement
topography.
8. Conclusions
The ﬁndings of this study allow for the following important con-
clusions to be made concerning granulite facies metamorphism in
the MVMS:
1. Peak metamorphism and partial melting in the MVMS, con-
strained to 850–830 ◦C at 4.4 kbars, occurred at ca. 2.73Ga. This
was followed by near isobaric cooling of the terrane to 680 ◦C
and 3.9 kbars.
2. High-T, mid- to shallow-crustal metamorphism in the MVMS
was coeval with widespread, regional crustal anatexis towards
the end of the Archaean, including the formation of the Venters-
dorp LIP (Large Igneous Province).
3. Metamorphism in the MVMS is interpreted to reﬂect a period of
anomalously high heat ﬂow within the Kaapvaal craton crust.
An increase in the heat input from the mantle via magmatic
under- or intra-plating is proposed to explain the observed ther-
mal anomaly, with the Ventersdorp lavas being the eruptive
manifestation of these mantle-derived melts.
4. We suggest the formation of a Ventersdorp aged plumemarginal
to the craton, which coincided with a globally recognized
∼2.7Ga mantle plume event. This is compatible with underplat-
ing and ponding of mantle-derived magmas beneath thinned
sub-Witwatersrand/Pongola lithosphere, initiating high-grade
metamorphism and anatexis of the overlying crust.
5. High-T metamorphism in the MVMS has provided evidence for
signiﬁcant mid-crustal heating, anatexis and, thus, rheological
weakening of the Kaapvaal crust. Mobilisation of the mid-crust
as gneissic domes and syn-sedimentary basement uplift was
concurrent with sedimentation of auriferous reefs of the Upper
Central Rand Group of the Witwatersrand Supergroup, and may
have played a role in the recycling of gold-rich horizons within
the Central Rand Basin.
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Appendix A. Analytical techniques
A.1. Whole-rock chemistry
Samples were crushed to a ﬁne powder using a jaw crusher and
swing mill, and glass disks prepared for XRF analysis using 1.5 g of
high purity trace element and REE element free ﬂux (LiBO2 =80%,
Li2B4O7 =20%) mixed with 0.28g of the rock sample. Whole-rock
major element compositions (Table A.1) were determined by XRF
spectrometry on a Philips 1404Wavelength Dispersive spectrom-
eter at the Department of Earth Sciences, Stellenbosch University,
South Africa. The spectrometer is ﬁtted with an Rh tube, analysing
crystals LIF200, LIF220, LIF420, PE, TLAP and PX1. The instrument
is ﬁtted with a gas-ﬂow proportional counter and a scintillation
detector. The gas-ﬂow proportional counter uses a 90% Argon, 10%
methane gas mixture. Major elements were analyzed on a fused
glass disk at 50kV and 50mA tube operating conditions. Matrix
effects in the samples were corrected for by applying theoretical
alpha factors and measured line overlap factors to the raw intensi-
100 J. Taylor et al. / Precambrian Research 177 (2010) 88–102
Table A.1
A comparison of the measured and actual major element compositions of control standards used, as a reﬂection of the accuracy of the XRF analytical technique.
SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 NiO
Andesite
AGV 58.292 17.012 6.783 0.100 1.276 4.905 4.158 2.920 1.094 0.501 0.000 0.005
Certiﬁed 58.790 17.140 6.760 0.092 1.530 4.940 4.260 2.910 1.050 0.490 0.000 0.002
Dev. 0.498 0.128 −0.023 −0.008 0.254 0.035 0.102 −0.010 −0.044 −0.011 0.000 −0.003
Dev. % 0.847 0.747 −0.340 −8.696 16.601 0.709 2.394 −0.344 −4.190 −2.245 100.000 −212.500
Granite
NIM-G 75.869 12.641 2.035 0.022 0.045 0.752 3.516 5.027 0.095 0.007 0.000 0.000
Certiﬁed 75.700 12.080 2.020 0.021 0.060 0.780 3.360 4.990 0.090 0.010 0.001 0.000
Dev. −0.169 −0.561 −0.015 −0.001 0.015 0.028 −0.156 −0.037 −0.005 0.003 0.001 0.000
Dev. % −0.223 −4.644 −0.743 −4.762 25.000 3.590 −4.643 −0.741 −5.556 30.000 100.000 100.000
Basalt
BHVO-1 49.945 13.408 12.770 0.163 7.051 11.852 2.128 0.554 2.784 0.288 0.003 0.015
Certiﬁed 49.940 13.800 12.230 0.168 7.230 11.400 2.260 0.520 2.710 0.273 0.029 0.012
0.452
3.965
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Dev. % −0.010 2.841 −4.415 2.976 2.476 −
ll values are given in wt% of the oxide.
ies measured with the SuperQ Philips software. Control standards
hat were used in the calibration procedures for major element
nalyses were AGV (Andesite from the United States Geological
urvey, Reston), NIM-G (Granite from the Council forMineral Tech-
ology, South Africa) and BHVO-1 (Basalt from the United States
eological Survey, Reston). A comparison of the measured and
ccepted major element compositions of the control standards
sed, as a reﬂection of the accuracy of the analytical technique,
s presented in Table A.1.
.2. Mineral chemistry
Mineral compositional analysis was performed using a Leo®
430VP scanning electron microscope at Stellenbosch University.
rior to imaging and analysis the samples were sputter-coated
ith carbon. Textures were studied in backscattered electron (BSE)
ode and phase compositions quantiﬁed by EDS analysis using an
xford Instruments® 133keV ED detector and Oxford INCA soft-
are. Beam conditions during the quantitative analyseswere 20kV
nd approximately1.5nA, with a working distance of 13mm and a
pecimen beam current of −4.0nA. X-ray counts with the set-up
sed were typically ∼7000 cps. The counting time was 50 s live-
ime. Analyses were quantiﬁed using natural mineral standards,
nd mineral chemical compositions were recalculated to mineral
toichiometries to obtain resultant mineral structural formulae.
omparisons between measured and accepted compositions of
ontrol standard, as a reﬂection of the accuracy of the analytical
echnique, have been published by Diener et al. (2005) and Moyen
t al. (2006).
.3. Zircon separation and sensitive high resolution ion
icroprobe (SHRIMP) U–Pb zircon dating
Sampleswere crushed and pulverised to a ﬁne-medium grained
owder using a large and small jaw crusher and separated into
ifferent size fractions using 350, 180, and 60m sized sieves at
tellenbosch University. Heavy minerals were concentrated using
ater and a panner, and zircons hand picked under a binocular
icroscope. SHRIMP II andSHRIMPRGU–Th–Pbanalyseswereper-
ormed at the Research School of Earth Sciences at the Australian
ational University, Canberra. Zircons were mounted in Pb-free
poxy, together with the Research School of Earth Sciences zircon
tandards FC1 and SL13. All grains were subsequently polished to
alf their thickness to expose internal structures. Transmitted and
eﬂected light microphotography, as well as SEM (scanning elec-
ron microscope), cathodoluminescence (CL) imaging, was used0.132 −0.034 −0.074 −0.015 0.026 −0.003
5.841 −6.538 −2.731 −5.495 89.619 −23.967
to investigate internal structures and growth complexities in the
zircon grains, before single spot U–Th–Pb SHRIMP analyses were
performed.
For the zircon age calibration, the Pb/U ratios were normalized
relative to a value of 0.1859 for the 206Pb*/238U ratio of the FC1
reference standard, equivalent to an age of 1099Ma (Paces and
Miller, 1993). Uranium and thorium concentrations were deter-
mined relative to the SL13 standard. SHRIMP analyses comprised
6 repeated scans through the species 196Zr2O, 204Pb (common Pb),
background 206Pb, 207Pb, 208Pb, 238U, 248ThO, and 254UO. The data
were reduced in a manner similar to that described by Williams
(1998, and references therein), using the SQUID Excel Macro of
Ludwig (2000a). Corrections for common Pb were made using the
appropriate model values of Stacey and Kramers (1975). Uncer-
tainties given for individual analyses (ratios and ages) are at the
1 level unless stated otherwise, and uncertainties in the calcu-
lated weighted mean, intercept, or Concordia ages are reported at
95% conﬁdence limits. Concordia plots and age calculations were
carried out using Isoplot/Ex (Ludwig, 2000b) or SQUID.
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Granite petrogenesisEntrainment of restite is commonly invoked to explain both the origin of relatively maﬁc granites and
granodiorites, as well as the chemical connection between granite magmas and their sources. This concept
has become linked to models for magma migration out of the source, as restite entrainment is considered
to take place when diatexitic sources mobilise en masse. This is at odds with the common occurrence of
relatively maﬁc granites as high level intrusions in the crust or their eruptive equivalents that must have
formed from markedly water-undersaturated magmas that ascended through narrow conduits. We
investigate pelitic migmatites from the Mkhondo Valley Metamorphic Suite (MVMS) in Swaziland, where
a mid-crustal heating event produced metatexitic migmatites with minimal post-anatectic recrystallisa-
tion. In these rocks all the garnet is peritectic, having arisen through biotite ﬂuid-absent melting, which
produced garnet poikiloblasts characterised by inclusions of melt, quartz and biotite. Leucosomes that
represent sites of melt transfer carry similar, smaller (typically b1 mm), entrained garnet poikiloblasts,
which were capable of amalgamating to form larger composite grains. In anatectic structures where melt
was present for longer, entrained garnet was extensively recrystallised, via a dissolution-precipitation
process, to adopt a more magmatic character. The peritectic garnet in the pelitic source appears to have
grown out of equilibrium with feldspar and HREE-rich accessory phases, while the recrystallised garnet in
the larger melt-ﬁlled structures became progressively better equilibrated with these minerals. Thus,
peritectic garnet in the source grew sufﬁciently rapidly to prevent trace element equilibrium with the
bulk-rock composition, and, concurrent rapid magma segregation prevented the development of diatexitic
source conditions. The segregated magma consisted of melt, the peritectic assemblage (principally garnet)
and the accessory minerals monazite and zircon. These rocks illustrate that maﬁc granites may arise purely
as mixtures of melt and the peritectic assemblage produced by the incongruent melting reaction.
Importantly, under the circumstances which produced the MVMS anatectites, peritectic garnet is
entrained as b1 mm poikiloblasts, demonstrating how maﬁc granitic magmas can migrate out of the
source without the source becoming diatexitic.n.ac.za (G. Stevens).
l rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Several studies have highlighted the fact that relevant experimen-
tal melt compositions are typically more leucocratic than most
granites and granodiorites (e.g. Montel and Vielzeuf, 1997; Stevens
et al., 2007). Additionally, relatively maﬁc granites and granodiorites
appear to faithfully image the composition of their sources, as
evidenced by the applicability of the S- and I-type classiﬁcation
scheme (Chappell andWhite, 1974) in certain areas of the world, such
as the Lachlan Fold Belt (LFB) of south-eastern Australia and the Cape
Granite Suite of South Africa. This chemical memory of the source has
been interpreted to reﬂect the entrainment of solid source material to
the melt (e.g. Chappell and White, 1974; Stevens et al., 2007). Ourcurrent understanding of how this process might occur in the
anatectic crust is strongly linked to the ‘restite entrainment’ model
of Chappell and White (1974) and the ‘restite unmixing’ model of
White and Chappell (1977), Chappell et al. (1987), Chappell (1997),
and Chappell et al. (2000). In combination these models propose that
restitic fractions of the source are entrained to the melt and that the
subsequent fractionation of this entrained material accounts for the
systematic compositional variations observed within granitoid suites
of the Lachlan Fold Belt (LFB). Thus the term ‘restite’ in these models
includes a variety of different source components, i.e. minerals not
involved in the melting reactions (e.g. the pre-anatectic anhydrous
ferromagnesian and oxide minerals), the remains of the minerals
partially consumed by anatexis (e.g. plagioclase), the solid products of
the typically incongruent melt-generating reactions (e.g. peritectic
garnet, cordierite, orthopyroxene, K-feldspar), as well as unmelted or
less melted fragments of rock. The latter category commonly
manifests as amphibolite facies enclaves in granites, which has led
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temperature melting involving elevated water activity in the source
(Chappell et al., 2000). Restite entrainment is proposed to occur once
melt fractions in the source are sufﬁciently high to break down the
rigid rock framework (i.e. once the Critical Melt Fraction of van der
Molen and Paterson, 1979 is reached) and the crystal/rock fragment-
rich magma can move en masse, systematically freeing itself of restite
as it ascends to higher levels in the crust (White and Chappell, 1977;
Chappell, 1997).
Further coupling between the restite models for granite petro-
genesis and source processes has been achieved by models for melt
segregation developed by Sawyer (1994, 1996, 1998, 2001), which
consider the contamination of melt by residual phases, the possibility
of entrainment of a whole-source component in the melt and the
progressive separation of these entrained components during magma
ﬂow. Sawyer (1996) suggested that efﬁcient melt-residuum segrega-
tion is mainly restricted to metatexitic migmatites where melt
fractions are low and where segregation is generally deformation-
assisted. Under such conditions there is sufﬁcient melt present to
form an interconnected network through which melt can move, i.e.
≤10% (First Percolation Threshold of Vigneresse et al., 1996), but
insufﬁcient to mobilise the solid fraction in the source. Magma
mobility on the other hand, deﬁned as the movement of melt plus
entrained source material, is only considered to take place with the
development of a pervasive melt fraction throughout the whole rock
volume, i.e. in diatexitic migmatites. The solid matrix framework then
looses cohesion and bulk ﬂow of the melt plus the entire residue may
occur, producing the residuum enriched granites described by White
and Chappell (1977) and Chappell et al. (1987).
Mobilisation of a diatexitic source prior to magma segregation
from entrained restite is at odds with several important lines of
evidence concerning the conditions of anatexis in granite source areasFig. 1. Schematic geological map of Swaziland modiﬁed after Wilson (1982), showing thand the mechanisms by which granite magmas ascend. Firstly, some
granite magmas can be demonstrated to have left their source areas
rapidly enough that trace element equilibrium between the melt and
residuum is not attained (Ayres and Harris, 1997; Bea et al., 2006;
Villaros et al., 2009b). Secondly, granite magmas which intrude at
high-levels in the crust and/or erupt, very likely ascend through dykes
and narrow conduits propagated by magma buoyancy (Clemens and
Mawer, 1992; Petford et al., 1993). Such magmas must be markedly
water-undersaturated, and arise through high-temperature, ﬂuid-
absent melting reactions (e.g. Clemens, 1992). The plutons and
eruptive products that these magmas produce typically display a wide
range in chemistry from leucogranites to maﬁc granodiorites, thus
necessitating a mechanism for maﬁc granite production by ﬂuid-
absent melting.
Recently, ‘selective peritectic phase entrainment’ has been
proposed as an alternative model to explain the petrogenesis of
maﬁc, peraluminous granites (Stevens et al., 2007; Villaros et al.,
2009a,b). The process involves the entrainment of only the solid
peritectic products of themelting reaction to themelt. Speciﬁcally, the
entrainment of garnet and ilmenite arising through high-tempera-
ture, incongruent, ﬂuid-absent melting of biotite in metapelites is
suggested to control the chemistry of the strongly peraluminous,
maﬁc granites studied by Stevens et al. (2007). Thus, the admixture to
melt is controlled by the stoichiometry of the melting reaction and
this is proposed to explain the very tight inter-element correlations
displayed by some granites as a function of increasing maﬁcity (Fe+
Mg), namely an increase in A/CNK, Mg# and Ca, a decrease in Si and K,
as well as the very focused positive correlation of Ti with maﬁcity
(Stevens et al., 2007). Selective entrainment of the peritectic
assemblage to the melt therefore appears to be a viable mechanism
for producing hot, water-undersaturated, maﬁc granitic magmas.
Consequently, we follow Sawyers lead and investigate appropriatee AGC and location of the Mkhondo Valley Metamorphic Suite (MVMS) study area.
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details of this process in the source.
2. Geological setting
The current study focuses on theMkhondoValleyMetamorphic Suite
(MVMS) in the 3.7–3.2 Ga Ancient Gneiss Complex (AGC) of Swaziland.Fig. 2. Anatectic features of the MVMS: (a) sedimentary layering and bedding preserved in t
large porphyroblastic aggregates of garnet; (c) remnant leucotraces in the metapelites wh
leucosomes; (d) stromatic leucosome veins in the metapelites; (e) in situ leucosomes in t
leucosome from the MVMS.The MVMS is a diverse suite of high-grade paragneisses preserved as
small supracrustal keels which are infolded within surrounding TTG
basement (Fig. 1). One of these supracrustal keels is a 4.5 km×2.5 km
inlier along theMkhondo River in south-central Swaziland (26°52'S and
31°17′E), which is dominated by a thick succession of metapelitic
garnet–cordierite–biotite–feldspar–quartz±opx bearing gneisses and
metapsammitic cordierite–biotite–feldspar–quartz gneisses (Hunter,he metapelites and metapsammites from the MVMS; (b) restitic metapelites containing
ich track the movement of melt from the residuum enriched pelitic source to discrete
he metapelites containing rounded aggregates of garnet; and (f) a poorly segregated
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metamorphism and partial melting in theMVMS at ca 2.73 Ga has been
constrained to 830–850 °C at pressures of 4.4–6.4 kbars (Taylor et al.,
2010). The low to medium pressure, high-temperature event coincided
with widespread ﬂood basalt volcanism on the craton and intra-plateFig. 3. Anatectic features of the MVMS continued: (a) discordant leucosomes developed in
bearing leucosomes intruding and brecciating metapsammite layers; (c) a granite sheet con
enlargement of the garnets in the granite sheet; (e) discordant leucosome veins carrying s
garnet porphyroblasts in the metapsammites, interspaced along remnant leucotraces, as thgranitic magmatism in Swaziland (Fig. 1). Taylor et al. (2010) proposed
that this period of regional crustal anatexis likely arose from extensive
partial melting in the mantle and under/intraplating of the crust.
Migmatites are commonly considered to represent the initial
stages of granitic magma generation during high-grade, regionalthe metapelites containing rounded, porphyroblastic aggregates of garnet; (b) garnet-
taining patchy distributions of 1–5 mm, individual, rounded to euhedral garnets; (d) an
mall (b1 mm), individual, rounded to euhedral garnet crystals; and (f) rare±50 mm
e only evidence for limited in situ melting in the metapsammites.
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terms of their use as natural laboratories for studying the origins of
granites. This is because theymay undergo protracted periods of post-
anatectic metamorphic evolution involving recrystallisation, defor-
mation, diffusion and ultimately retrogression (White and Powell,
2002). Due to the nature of the heat source for the MVMS anatectic
event, however, the migmatites are largely free of penetrative
deformation and post-anatectic recrystallisation, rendering them
good candidates for studying the details of S-type magma generation
in the source.
3. Anatectic features of the Mkhondo Valley Metamorphic Suite
Metapelites from the MVMS have undergone substantially higher
degrees of melting relative to less fertile metapsammites. Layers
within the metapelites which are parallel to the primary composi-
tional banding are characterised by large (5–20 mm) porphyroblastic
aggregates of garnet (Fig. 2b). These layers retain indications of the
paths of melt migration in the form of remnant leucotraces, where
movement of melt can be traced from the residuum enriched source
to discrete leucosomes (Fig. 2c). Threemain varieties of leucosome are
preserved: (1) sets of thin, stromatic, foliation-parallel leucosome
veins within metapelites, speciﬁcally in domains most enriched in
garnet (Fig. 2d); (2) small, in situ lensoid shaped leucosomes within
metapelites that terminate in the foliation and contain rounded
aggregates of garnet (Fig. 2e). These are interpreted to be the vestiges
of melt transfer zones through which melt ﬂowed from the
metapelites into the leucosomes. Occasionally these leucosomes are
relatively rich in residuum and carry small schlieren deﬁning
disrupted foliation, and we refer to these as ‘poorly segregated
leucosomes’ (Fig. 2f); (3) Thirdly, discrete 2–20 cm, layer-parallel or
cross-cutting garnet-bearing leucosomes are developed in the
metapelites (Fig. 3a), but more commonly within unmelted metap-
sammites (Fig. 3b). These discordant leucosomes coalesce and feed
into meter-sized garnet-bearing granite sheets, or small intrusive
bodies of garnet-bearing granite, which contain rafts of the more
competent wall-rock material (Fig. 3c and d). The host gneisses and
xenoliths carry a fabric that developed pre- to syn the high-grade
metamorphism, whereas the garnet-bearing granite sheets and
granites are undeformed, and were clearly anatectic magmas during
or following peak metamorphism. Thus the larger magmatic struc-
tures were fed by discordant leucosomes associated with melt
extraction from the source, and are interpreted to represent sites of
considerable melt accumulation. Where leucosomes cross-cut the
metapsammitic gneisses, they typically occur as the matrix within
breccias (Fig. 3b) wheremeter-scale metapsammitic clasts are rotated
relative to one another, yet are separated by garnet-bearing
leucosomes≤20 cm thick. These structures are interpreted to reﬂect
zones inﬂated by melt, within which clasts of unmelted material
rotated prior to collapse during melt extraction. The occurrence of
more competent metapsammitic clasts within these breccias may
indicate that deformation of competent layers was important in
creating space for melt to accumulate (e.g. Kisters et al., 1998).
Thinner, typically≤5 cm thick, discordant leucosome veins also
intrude the metapsammites and carry small (1–2 mm), individual,
rounded to euhedral garnets (Fig. 3e). Within the metapsammitic
gneisses, evidence for incongruent melting is restricted to rare
±50 mm garnet porphyroblasts surrounded by diffuse leucocratic
halos, interspaced along thin leucosome veins and remnant leuco-
traces (Fig. 3f). These may be interpreted as evidence for limited in
situ melting; alternatively they may represent melt transfer zones
through which garnet-bearing melts, derived from metapelites, have
passed. Importantly, all garnet in the MVMS is associated with
anatectic features and likely formed via the incongruent melting
reaction bt+qtz+plag=grt+melt. Field evidence suggests that
partial melting in the MVMS was responsible for the production ofsigniﬁcant volumes of S-type granitic melt. Despite this, metapelites
and metapsammites retain their original compositional banding and
bedding (Fig. 2a); within coarser-grained, quartz-rich layers, ﬁne-
scale cross-bedding and graded bedding is preserved; and the pre- to
syn high-grade foliation and fabric in the migmatitic gneisses has
generally not been disrupted by the presence of melt. Thus, efﬁcient
melt segregation and extraction left basic pre-migmatite structures
intact, and the MVMS migmatites are metatexitic.
All structures associated with melt segregation contain high
proportions of garnet. Discordant leucosomes contain rounded aggre-
gates of garnet which texturally resemble those in the pelitic residua
(Fig. 3a and b); and granite sheets or small granitic bodies contain
patchy distributions of individual, 1–5 mmrounded to euhedral garnets
(Fig. 3d). The garnets in these structures have one of two possible
origins: i.e. either they crystallised directly from the magma during
cooling, or they formed with the magma as the solid peritectic product
of the incongruent melting reaction at the sites of in situ anatexis, prior
to being entrained. Irrespective of the mode of garnet formation, melt
compositions in this systemare known from experiments to be strongly
leucocratic under conditionswherequartz+biotite assemblages persist
(e.g. Stevens et al., 2007). Therefore the high proportions of garnet
indicate signiﬁcantmelt loss from these structures. This is in agreement
with the absence of retrogression of the garnet in the leucosomes
(White and Powell, 2002), as well as whole-rock geochemical data
which reveals that theMVMS leucosome compositions depart from the
compositions expected of typical experimental melts generated by
incongruent, ﬂuid-absent melting of biotite. Besides for being more
maﬁc, the leucosomes are enriched in CaO and depleted in K2O relative
to experimental melt compositions (Fig. 4). This is interpreted as
indicative of melt loss from these structures, following the crystal-
lisation of Ca-rich plagioclase. The remainder of this work presents a
detailed comparison of garnet texture and chemistry in the metapelitic
residue with that of garnets hosted in the structures associated with
melt segregation, with important implications for S-type granite
petrogenesis.
4. Analytical techniques
4.1. Whole-rock geochemistry
Samples were crushed to a ﬁne powder using a jaw crusher and
tungsten swingmill at the Department of Earth Sciences, Stellenbosch
University, South Africa. Whole-rock compositions were determined
at Acme Analytical Laboratories in Vancouver, Canada, following a
Lithium metaborate/tetrabortate fusion and dilute nitric digestion on
0.2 g of powdered rock. Major oxide abundances were determined by
Inductively Coupled Plasma (ICP)-emission spectrometry. Trace
element concentrations were determined by ICP-mass spectrometry
(MS). Loss on ignition (LOI) is by weight difference after ignition at
1000 °C. For each element analysed, the reproducibility of replicate
analyses and the deviation from the certiﬁed values of the secondary
standards are less than 5% relative.
4.2. Mineral chemistry
Garnet and biotite major element compositions were analysed
using a Leo® 1430VP Scanning Electron Microscope at the Depart-
ment of Earth Sciences, StellenboschUniversity, South Africa. Textures
were studied in backscattered electron (BSE) mode and mineral
compositions quantiﬁed by EDX (Energy Dispersive X-ray) analysis
using an Oxford Instruments ® 133 keV ED X-ray detector and Oxford
INCA software. Beam conditions during the quantitative analyses
were 20 kV accelerating voltage and 1.5 nA probe current, with a
working distance of 13 mm and a specimen beam current of−4.0 nA.
X-ray counts were typically ~7000 cps, and the counting timewas 50 s
live-time. Analyses were quantiﬁed using natural mineral standards,
Fig. 4. A comparison of the major element compositions of experimental S-type melts
at±850 °C (Vielzeuf and Holloway, 1988; Patiño Douce and Johnston, 1991; Stevens
et al., 1997; Pickering and Johnston, 1998; Patiño Douce and Harris, 1998) with the
compositions of MVMS leucosomes and larger anatectic structures as a function of
increasing maﬁcity.
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stoichiometries to obtain resultant mineral structural formulae.
Comparisons between measured and accepted compositions of
control standards within this laboratory, as a reﬂection of the
accuracy of the analytical technique, have been published by Diener
et al. (2005) and Moyen et al. (2006).
Garnet trace element compositions were analysed using a Laser
Ablation ICP-MS at Department of Earth Sciences, StellenboschFig. 5. Photomicrographs: (a) peritectic garnets in the metapelites forming networks of poiki
rounded to euhedral garnet poikiloblasts in the poorly segregated leucosome displaying
amalgamated, had the rock continued to equilibrate further in the magmatic state); (e) h
poikiloblasts in the granite sheet displaying amalgamation features; (g) coarse-grained, inclu
in the granite.University, South Africa. In situ sampling on polished thin sections
was performed using a 40 μm diameter ablation spot generated by a
New Wave 213 nm Nd-YAG Laser coupled to an Agilent 7500ce ICP-
MS mixture of Ar–He as carrier gas. Operating conditions for the
laser were 6 Hz frequency and 10.5 kJ energy. Data was acquired in
time resolved mode (Longerich et al., 1996), which allowed
potential contamination from mineral inclusions or fractures to be
identiﬁed and excluded from the analysis. NIST-612 glass was used
as a control standard and measured garnet (via EDS) SiO2 contents
were used as an internal standard. Accuracy and reproducibility of
multiple analyses was established from the analysis of the
secondary standard BHVO 2G, a USGS natural basaltic glass
standard. Results were better than 5% relative for most elements.
Data was processed using Glitter (v 4.4.2) software and σ1 errors as
well as chondrite-normalised trace element values are reported as
deﬁned by the software.
For the construction of garnetmajor and trace elementmaps,Mg2+
and Y compositional zoning in garnet was determined using a Zeiss
EVO® MA15VP Scanning Electron Microscope at the Department of
Earth Sciences, Stellenbosch University. Major and trace element
compositions were quantiﬁed by EDX and WD (Wavelength-Disper-
sive) X-ray analysis respectively, using an Oxford Instruments®
133 keV detector and Oxford INCA software. Beam conditions during
the quantitative analyses were 20 kV with a working distance of
8.5 mm and a specimen beam current of −20 nA. The counting time
was 10 s live-time for the ED detector and 60 s on-peak, with
symmetrical 30 s background measurement for the WD detector.
Internal Astimex Scientiﬁc mineral standards were used for standard-
ization and veriﬁcation of the analyses. Pure Co was used periodically
to correct for detector drift.5. Petrography and major element chemistry
5.1. Metapelites
Peritectic garnets in the metapelites are characterised by numer-
ous 10–300 μm, rounded to lobate quartz inclusions, polymineralic
inclusions with low angle terminations interpreted to be melt
inclusions (Holness, 2006), as well as 10–50 μm, round, high Ti4+
and high Mg# [Mg/(Mg+Fe)]⁎100=59–69 biotite inclusions
(Fig. 5a and b). The high Ti4+ and high Mg# biotite inclusions are
interpreted to be remnants of the high-temperature biotite that
underwent incongruent melting during peritectic garnet growth
(Table 1b), whereas the abundant quartz inclusions in the garnets
may be the remnants of reactant quartz, or were produced by the
peritectic reaction itself (Barbey, 2007). Compositionally, the garnet is
an Fe-rich almandine-pyrope solid-solution with minor grossular and
spessartine components (Table 1a). Peritectic garnets from different
metapelites vary between Mg# [Mg/ (Mg+Fe)] ⁎100=20–27, but
have uniform XSpss [Mn/(Fe+Mg+Ca+Mn)]=0.01. Garnets are
unzoned in terms of their major element chemistry, with homoge-
neous interiors surrounded by occasional 5–20 μm wide, retrograde
rims that display slightly lower Mg# and higher Mn contents.
Different textural varieties of garnet in the metapelites appear to
record various stages of garnet growth, from small (50–500 μm)
interlocking, poikilitic crystal-fragment networks (Fig. 5a) to larger
(1–3 mm) subhedral poikiloblasts (Fig. 5b). The latter appear to have
grown from the aggregation of smaller poikilitic fragments, and arelitic crystals; (b) subhedral, composite garnet poikiloblasts in the metapelites; (c and d)
amalgamation features (the arrows in the ﬁgure indicate grains which would have
ighly fragmented, coarse-grained garnet in the leucosomes; (f) ﬁne-grained, rounded
sion-free garnets in the granite sheet displaying amalgamation features; and (h) garnet
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Table 1a
Major element compositions and structural formulae of representative garnets from metapelites, a poorly segregated leucosome, concordant and discordant leucosomes, a granite
sheet and garnet-bearing granite from the MVMS.
Mk2-2a Mk4 Mk11 Mk10 Mk29 Mk32b Mk28
Metapelite Metapelite Poorly segr.
Leuco.
Leucosome
concordant
Leucosome
discordant
Granite sheet big Granite sheet
small
Granite
Grt r Grt c Grt r Grt c Grt r Grt c Grt r Grt c Grt r Grt c Grt r Grt c Grt r Grt c Grt r Grt c
SiO2 38.55 38.45 38.35 38.79 36.88 37.27 37.14 37.35 37.49 37.51 37.05 37.66 36.64 37.44 36.09 36.77
Al2O3 21.69 21.57 21.77 21.78 20.54 20.67 21.10 20.94 20.93 21.01 20.85 20.91 20.42 20.99 20.46 20.93
Fe2O3 0.52 1.02 0.44 0.55 1.36 1.28 1.29 1.53 1.22 1.05 1.03 0.83 1.46 1.21 0.69 1.81
FeO 35.44 34.32 32.64 33.03 34.57 34.13 32.72 32.86 34.64 34.42 35.52 34.24 37.09 37.07 34.62 34.46
MnO 0.45 0.48 0.43 0.56 0.44 0.48 0.63 0.63 1.01 0.94 1.37 1.13 2.22 1.60 6.77 1.20
MgO 5.26 5.86 6.62 6.69 4.41 4.98 5.80 5.89 4.57 4.74 3.43 4.58 1.87 2.93 0.96 4.14
CaO 0.70 0.64 0.83 0.75 1.02 0.92 0.66 0.62 0.94 0.95 1.21 1.32 1.22 0.91 0.97 0.89
Totals 102.63 102.33 101.09 102.15 99.21 99.72 99.33 99.81 100.81 100.61 100.45 100.67 100.90 102.15 100.55 100.20
Si 2.99 2.98 2.99 2.99 2.98 2.99 2.97 2.97 2.98 2.98 2.98 3.00 2.98 2.98 2.98 2.95
IVAl 0.01 0.02 0.01 0.01 0.02 0.01 0.03 0.03 0.02 0.02 0.02 0.00 0.02 0.02 0.02 0.05
VIAl 1.98 1.96 1.99 1.97 1.94 1.94 1.95 1.94 1.94 1.95 1.96 1.95 1.93 1.95 1.98 1.94
Fe3+ 0.03 0.06 0.03 0.03 0.08 0.08 0.08 0.09 0.07 0.06 0.06 0.05 0.09 0.07 0.04 0.11
∑3+ 2.01 2.02 2.01 2.01 2.02 2.01 2.03 2.03 2.02 2.02 2.02 2.00 2.02 2.02 2.02 2.05
Fe2+ 2.30 2.23 2.13 2.13 2.34 2.29 2.19 2.19 2.30 2.29 2.39 2.28 2.52 2.47 2.39 2.32
Mn 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.06 0.05 0.08 0.06 0.12 0.09 0.39 0.07
Mg 0.61 0.68 0.77 0.77 0.53 0.59 0.69 0.70 0.54 0.56 0.41 0.54 0.23 0.35 0.12 0.50
Ca 0.06 0.05 0.07 0.06 0.09 0.08 0.06 0.05 0.08 0.08 0.10 0.11 0.11 0.08 0.09 0.08
∑2+ 2.99 2.98 2.99 2.99 2.98 2.99 2.97 2.97 2.98 2.98 2.98 3.00 2.98 2.98 2.98 2.95
Tot 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
XAlm 0.77 0.75 0.71 0.71 0.78 0.77 0.74 0.74 0.77 0.77 0.80 0.76 0.85 0.83 0.80 0.78
XSpss 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.02 0.04 0.03 0.13 0.02
XPy 0.20 0.23 0.26 0.26 0.18 0.20 0.23 0.24 0.18 0.19 0.14 0.18 0.08 0.12 0.04 0.17
XGrs 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.03 0.03 0.03
Mg# 21 23 27 27 19 21 24 24 19 20 15 19 8 12 5 18
Number of ions calculated on the basis of 12 oxygens for garnet. XAlm=Fe2+/(Fe2++Mn+Mg+Ca), XSpss=Mn/(Fe2++Mn+Mg+Ca), XPy=Mg/(Fe2++Mn+Mg+Ca),
XGrs=Ca/(Fe2++Mn+Mg+Ca), Mg#=100×Mg/(Mg+Fe2+); Grt = garnet, r = rim, c = core.
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positional information on themetamorphic assemblages in theMVMS
metapelites are reported in Taylor et al. (2010).Table 1b
Major element compositions and structural formulae of representative biotite
inclusions in garnet from a metapelite, poorly segregated leucosome, concordant and
discordant leucosomes, a granite sheet and garnet-bearing granite from the MVMS.
Mk2-2a Mk11 Mk10 Mk29 Mk32b Mk28
Metapelite Poorly segr.
Leuco.
Leucosome
concordant
Leucosome
discordant
Granite
sheet
Granite
Bt
inclusion
Bt
inclusion
Bt
inclusion
Bt
inclusion
Bt
inclusion
Bt
inclusion
SiO2 36.98 36.74 36.13 35.29 35.15 35.15
TiO2 3.67 3.51 3.50 4.41 3.84 4.38
Al2O3 18.33 17.37 17.71 17.58 17.49 17.74
Cr2O3 0.22 0.00 0.16 0.00 0.00 0.00
FeO 14.21 14.82 15.83 13.26 17.77 19.56
MnO 0.00 0.00 0.00 0.00 0.00 0.00
MgO 13.31 13.89 13.31 13.74 11.26 9.77
Na2O 0.66 0.52 0.72 0.49 0.49 0.59
K2O 9.06 9.26 8.70 9.05 9.08 9.19
Totals 96.44 96.11 96.05 93.82 95.06 96.38
Si 5.41 5.42 5.36 5.31 5.34 5.31
Ti 0.40 0.39 0.39 0.50 0.44 0.50
AlIV 2.59 2.58 2.64 2.69 2.66 2.69
AlVI 0.58 0.45 0.45 0.43 0.47 0.47
Cr 0.03 0.00 0.02 0.00 0.00 0.00
Fe2+ 1.74 1.83 1.96 1.67 2.26 2.47
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 2.90 3.06 2.94 3.08 2.55 2.20
Na 0.19 0.15 0.21 0.14 0.14 0.17
K 1.69 1.74 1.65 1.74 1.76 1.77
Totals 15.53 15.62 15.62 15.57 15.61 15.58
Mg# 63 63 60 65 53 47
Number of ions calculated on the basis of 22 oxygens for biotite. Mg#=100×Mg/
(Mg+Fe2+); Bt = biotite.5.2. Poorly segregated leucosomes
Poorly segregated leucosomes are occasionally developed in the
metapelites, and represent an intermediate stage of melt–restite
segregation (Fig. 2f). The poorly segregated leucosomes contain
garnets which are texturally distinct from the composite aggregates in
the metapelitic residue. These garnets occur as small (typical-
ly≤1 mm), individual, rounded to euhedral poikiloblasts (Fig. 5c
and d). The garnets have inclusion-rich cores with abundant 10–
200 μm, round or lobate quartz+polycrystalline ‘melt’ inclusions, as
well as identical high Ti4+and high Mg# (60–63) biotite inclusions to
those hosted in peritectic garnets in the metapelites (Table 1b).
Furthermore the garnet core compositions Mg#=20–22 and
XSpss=0.01 (Table 1a) are indistinguishable from peritectic garnet
compositions in the metapelites, and we therefore interpret the
garnets hosted in the poorly segregated leucosome to be peritectic.
However, the garnets are also characterised by 100–200 μm inclusion-
free rims which imply a different episode of garnet growth, but which
are compositionally indistinguishable from the cores. The only major
element zonation displayed by the garnets are occasional, 5–20 μm
wide rims with lower Mg# and higher Mn contents.
An additional distinguishing feature of these garnets is their
apparent involvement in a physical process of amalgamation and
textural coarsening within the melt-rich environment. The observed
textures appear to indicate encounters between individual garnet
grains resulting in the crystals aggregating, amalgamating and fusing
to form larger composite poikiloblasts, thereby necessitating magma
ﬂow (Fig. 5c and d; the arrows in the ﬁgure indicate grains which
would have amalgamated, had the rock continued to equilibrate
further in the magmatic state). In some cases the outlines of the
amalgamated garnets are still visible, indicating where up to four
grains have fused into a single large poikiloblast with petal-like lobes
(Fig. 5d, garnets ‘a’, ‘b’, ‘c’ and ‘d’). In general, where the garnets have
joined there are no preserved, pre-amalgamation, garnet-to-garnet
grain boundaries and we refer to these as ‘fused’ grain boundaries
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amalgamated grains are still visible and we refer to these as
‘preserved pre-amalgamation grain boundaries’. In most cases,
growth of the 100–200 μm inclusion-free rim post-dates
amalgamation.
5.3. Larger anatectic structures
Within the larger anatectic structures, garnet is commonly hosted
in a coarse-grained matrix of quartz, plagioclase, minor perthitic K-
feldspar and interstitial biotite or retrograde biotite replacing garnet.
Texturally, the garnet differs markedly from peritectic garnet in the
metapelites and poorly segregated leucosome. Apart from being
coarser grained (1–5 mm), the garnet is less poikilitic with large
inclusion-free zones separated by abundant mica-ﬁlled fractures
(Fig. 5e–h).
5.3.1. Discrete leucosomes
Garnets hosted in both concordant and cross-cutting leucosomes
are anhedral to subhedral and highly fragmented (Fig. 5e). The
garnets are compositionally similar to peritectic garnets in the
metapelites and poorly segregated leucosomes, with large homoge-
nous interiors, Mg#=20–24 and XSpss=0.01–0.02, and occasional 5–
20 μm wide retrograde rims (Table 1a). Although the garnets are less
poikilitic, they do occasionally contain the same rounded, high Ti4+
high Mg# (58–65) biotite inclusions that typify peritectic garnets in
the metapelites and poorly segregated leucosomes (Table 1b). In
addition, garnets hosted in discrete leucosomes contain much larger
(700–1000 μm), polycrystalline ‘melt’ inclusions with low angle
terminations.
5.3.2. Granite sheets
Two distinct varieties of garnet characterise the granite sheet, but
are closely associated within the same thin section and occur within
the same leucocratic domain in the rock. The ﬁrst is a coarse-grained
(0.8–4 mm), inclusion-free garnet that is rounded to euhedral in
shape (Fig. 5g) and approximates the composition of peritectic garnet
in the metapelites and poorly segregated leucosome, Mg#=18–21
and XSpss=0.02 (Table 1a). However the garnets have 100–300 μm
wide, distinctly retrograde rims, Mg#=7–16 and XSpss=0.03–0.04.
The coarse-grained garnets occasionally contain high Ti4+, but slightly
lower Mg# (53) biotite inclusions compared to the peritectic garnets
(Table 1b). A second variety of garnet occurs as tiny (75–600 μm),
rounded to euhedral poikiloblasts containing rounded quartz inclu-
sions (Fig. 5f). Compositionally this garnet differs markedly from
peritectic garnet in the metapelites and poorly segregated leucosome
with Mg#=12–14 and XSpss=0.02–0.03 in the cores, and Mg#=8–
10 and XSpss=0.04 in the rims (Table 1a). A distinguishing feature of
the granite sheet is the presence of a large proportion of coarse-
grained, magmatic biotite (Mg#=36–39) which likely formed from
back reaction of garnet with K and H2O in the melt during crystal-
lisation of the magma (Fig. 5g).
Both varieties of garnet display amalgamation features similar to
the textures described for the poorly segregated leucosome. Clusters
of garnet in the granite sheet (Fig. 3d; Fig. 5f and g) formed either as a
result of the injection of individual batches of magma carrying varying
fractions of entrained garnet, or as a result of ﬂow within the
magmatic environment which brought garnet crystals together.
Within these clusters, both the small garnet poikiloblasts and the
larger inclusion-free grains appear to be amalgamating to form
increasingly larger, compound crystals (Fig. 5f and g).
5.3.3. Garnet-bearing granite
The granite investigated in this study is a±10 m tabular, medium-
grained granodiorite containing biotite, quartz, garnet, plagioclase
and minor K-feldspar. Rounded, subhedral to euhedral, 1.5–3 mmgarnets are highly fragmented with numerous fractures ﬁlled by
chlorite or retrograde biotite (Fig. 5h). Compositionally, this garnet
resembles the coarse-grained garnet in the granite sheet with
Mg#=14–18 and XSpss=0.02–0.03 in their cores, and 20–150 μm,
strongly retrograde rims (Table 1a). The garnets occasionally contain
high Ti4+, but markedly lower Mg# (27–47) biotite inclusions
(Table 1b). In addition, a large fraction of low Ti4+, low Mg# (33)
retrograde biotite replaces garnet. Texturally the garnet resembles the
coarse-grained garnet in the granite sheet, and may therefore have
grown by the same amalgamation process described above (Fig. 5h).
5.4. Garnet zonation proﬁles
5.4.1. Mn and Y proﬁles: evidence for garnet amalgamation
Granulite facies garnets with characteristically ﬂat major element
zonation proﬁles, often retain trace element zonation which helps to
constrain the conditions of formation of the garnet (e.g. Hermann and
Rubatto, 2003; Schwandt et al., 1996; Clarke et al., 2007). The trace
element character of the garnet generations described above were
investigated by focusing on the distribution of Y in the crystals for the
following main reasons: Y is considered a reasonable proxy for HREE
behaviour in garnet; and Y concentrations are high enough in all
garnet generations to allow for the use of a small laser spot-size
during LA-ICP-MS analysis (±40 μm), as well as high enough in some
of the garnets (e.g. the granite sheet) to allow for e-beamWD electron
microprobe analyses. Additionally, as garnet Mn concentrations are
low enough to be measured by LA-ICP-MS concurrently with the trace
elements, Mn was measured during the trace element proﬁling of the
garnets in order to demonstrate the major element zonation within a
single coherent dataset. By using a time resolved mode of analyses on
the LA-ICP-MS, and by carefully monitoring the concentrations of
elements such as Zr and Ce, we were able to identify potential
contamination from small accessory phase inclusions in the garnet,
and to exclude those analyses from the dataset.
As expected, the peritectic garnets in the metapelites display ﬂat
major element zonation, evidenced by little to no variation in Mn
content between garnet core and rim domains (Fig. 6a). However, the
garnets do display intra-crystalline zoningwith respect to Y, although Y
concentrations are low (b100 ppm) and the zonation appears to be
irregular. In the poorly segregated leucosome investigated, composite
garnets typically consist of 2–4 amalgamated grains where pre-
amalgamated grain boundaries are either preserved, or where the
grain boundaries are entirely fused such that the positions of the former
grain boundaries cannot be determined accurately by optical or SEM
imaging techniques. A proﬁle through a 700 μm garnet which textural
evidence suggests formedbyamalgamation of 2–3, smaller garnets does
not show signiﬁcant rim-to-rim zonationwith respect toMn, except for
a very slight inﬂection in Mn content across the still visible, pre-
amalgamated grain boundaries (Fig. 6b). Garnet B to the right in Fig. 6b
is slightly more zonedwith respect toMn than garnet A. In contrast, the
amalgamated grains retain their individual Y-enriched cores (250 ppm
and 140 ppm respectively), with a relatively sharp decrease in Y
concentration towards the rims and at the pre-amalgamated grain
boundary. The Y concentration at this internal boundary is similar
(~50 ppm) to that at the rims. A rim-to-rim proﬁle through a garnet
from the poorly segregated leucosomewhere the crystal shape suggests
the presence of two completely fused grains shows slight Mn
enrichment towards the rims and at the fused grain boundaries
(Fig. 6c). Although Y concentrations in the garnet are extremely
variable, a large inﬂection in Y content in the vicinity of the fused
grain boundary allows the amalgamated grains to be distinguished.
Garnet A in Fig. 6c consists of a Y-rich core (230 ppm) surrounded by an
intermediate zoneof relative Y depletion (20–45 ppm) and anouter rim
where Y values are similar to that of the core (250–416 ppm). In
contrast, garnet B has amore-or-less ﬂat Y proﬁlewhere concentrations
remain below 50 ppm.
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Fig. 7.Major and trace element contour maps of amalgamated garnet grains in the granite sheet, which have fused to form a single compound garnet crystal: (a) SEM backscattered
electron (BSE) image of the compound garnet; (b) contours of Mg2+ in the garnet showing a homogeneous core surrounded by a±300 μmMg-poor rim; and (c) 3D contour map of
Y concentration in the garnet showing two Y peaks in the core of the garnet with shapes that are determined by the location of the fused grain boundaries and the outlines of the
amalgamated grains.
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suggests the presence of two fused grains has an interior character-
ised by ﬂat major element zonation, surrounded by a 300 μm wide,Fig. 6.Mn and Y proﬁles through: (a) peritectic garnet from a metapelite; (b) amalgamated g
from the poorly segregated leucosome; and (d) fused garnets (‘a’ and ‘b’) from the granite sh
are equal to, or smaller than the symbols on the ﬁgures they are not indicated. These proﬁles
while the individual, bell-shaped Y zonation proﬁles of the pre-amalgamated crystals are pMn and Fe-rich zoned rim (Fig. 6d). The unzoned central domain
straddles the position of the suspected fused grain boundaries. In
contrast, the two amalgamated grains preserve individual Y-rich coresarnets (‘a’ and ‘b’) from the poorly segregated leucosome; (c) fused garnets (‘a’ and ‘b’)
eet. Sigma (σ) 1 errors are typically b50 ppm for Y and b500 ppm for Mn. Where errors
emphasise the ﬂat major element zonation in the amalgamated and fused garnet grains,
reserved.
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concentration towards the rims (±200 ppm) and in the vicinity of the
fused grain boundaries (±750 ppm Y, indicated by the white shaded
area in Fig. 6d). The 300 μm lower Mg# rim zone corresponds to a
decrease in Y concentration from±600 ppm to 200 ppm, which
suggests that it grew post the amalgamation of the garnets. SEMmajor
and trace element concentration contour maps, obtained by placing a
grid of point analyseswith a 100×100 μm spacing over the garnet and
extrapolating between the points (using krigging as the statistical
method in ArcMap 9.2), shows clear differences in themajor and trace
element zonation patterns of the garnet (Fig. 7). While the
distribution of Mg2+ is homogenous throughout the core of the
garnet (Fig. 7a), two Y-enriched peaks, with shapes that are
determined by the location of the fused grain boundaries and the
outlines of the amalgamated grains, are preserved (Fig. 7b).
5.4.2. Heavy Rare Earth Element (HREE) patterns
Heavy Rare Earth Element concentrations in garnet were mea-
sured in conjunction with Y and Mn (Table 2). As expected, both the
garnet core–rim HREE zonation, as well as the differences in HREE
abundances between garnets from the different structures, mimic the
details for Y described above. Absolute HREE abundances are low in
peritectic garnets from the metapelites and poorly segregated
leucosome, with ∑HREE (Gd–Lu)=59 ppm and 142 ppm respec-
tively (σ1 errors≤2.2 ppm). There appears to be no discernable
difference in HREE content between the cores and rims of garnetsFig. 8. Chondrite-normalised (Taylor and McLennan, 1985) REE zonation patterns in garne
granite sheet. Peritectic garnets from the metapelites are unzoned in terms of HREE, have
granite sheet are strongly zoned in terms of HREE, enriched in HREE and have pronounce
intermediate between the two. (d) Comparison of bulk-rock HREE patterns in the metapelfrom the metapelite (Fig. 8a), whereas in the poorly segregated
leucosome the garnets from Fig. 6a show a small decrease in HREE
content towards the rims and at the pre-amalgamated grain
boundaries (Fig. 8b). Peritectic garnets from both rocks types have
either slightly positive or ﬂat to slightly negative chondrite-normal-
ised Gd–Lu slopes (LuN/GdN=0.98–0.16 in garnets from the meta-
pelite; LuN/GdN=1.59–0.56 in garnets from the poorly segregated
leucosome). Small negative Eu anomalies characterise garnets from
the metapelites (Eu/Eu*(EuN/(SmN+GdN)/2)=0.50) and moder-
ately negative Eu anomalies garnets from the poorly segregated
leucosome (Eu/Eu*=0.07).
Strongly contrasting behaviour is observed in the coarse-grained,
inclusion-free garnets from the granite sheet. In comparison with the
peritectic garnets, absolute HREE abundances are orders of magnitude
higher in the cores of these garnets ∑HREE (Gd–Lu)=677 (1σ
errors≤15 ppm). The garnets also display more pronounced HREE
zonation (Fig. 8c), with the fused grain boundaries approaching the
HREE-enriched nature of the cores, though slightly lower at the
boundary, and with signiﬁcantly lower HREE concentrations towards
the rims. Relative to the peritectic garnets, there is a steep increase in
the abundance of HREE with increasing atomic number from Gd–Tm
in the interior of the granite sheet garnets (LuN/GdN=28.38),
whereas the HREE proﬁles ﬂatten out towards the rims (LuN/
GdN=1.15). Eu anomalies in both the cores and rims of the garnets
are strongly negative (Eu/Eu*=0.03) and signiﬁcantly more pro-
nounced than in the peritectic garnets from the metapelites andt from: (a) the metapelitic residua; (b) the poorly segregated leucosome; and (c) the
ﬂat HREE patterns and small negative Eu anomalies. In contrast, garnets hosted in the
d negative Eu anomalies. Peritectic garnets from the poorly segregated leucosome are
ites, poorly segregated leucosome and granite sheet.
Table 3
Major and trace element compositions of a metapelite, poorly segregated leucosome,
discrete leucosome, granite sheet and garnet-bearing granite from the MVMS. For the
granite sheet and granite, a composition that is representative of the whole structure
has been used.
Metapelite Poorly segr.
leuc.
Discrete
leucosome
Granite
sheet
Garnet-bearing
granite
SiO2 55.13 63.39 70.72 70.53 69.92
TiO2 0.72 0.53 0.12 0.22 0.54
Cr2O3 0.098 0.086 0.011 0.007 0.012
Al2O3 16.86 12.91 14.21 14.52 14.80
FeO 15.33 13.17 5.90 4.70 3.81
Table 2
Representative trace element compositions of garnets from a metapelite, poorly
segregated leucosome and granite sheet from the MVMS.
Mk4 Mk11 Mk32b
Metapelite Poorly segr. Leuco. Granite sheet
Grt r Grt c Grt r Grt c Grt r Grt c
Y 67.94 72.70 40.57 252.54 178.33 1227.59
La 0.00 0.00 0.00 0.08 0.04 0.00
Ce 0.05 0.04 0.05 0.18 0.09 0.03
Pr 0.05 0.05 0.03 0.02 0.07 0.01
Nd 1.45 1.79 0.29 1.01 0.89 0.30
Sm 7.23 8.24 1.10 2.12 3.70 0.73
Eu 1.82 1.93 0.23 0.23 0.15 0.05
Gd 14.26 17.64 5.06 19.63 14.50 9.28
Tb 2.07 2.63 0.86 5.90 3.67 5.80
Dy 14.43 15.94 7.60 47.35 30.52 111.47
Ho 3.05 3.06 1.57 9.35 6.13 46.33
Er 9.25 8.41 3.72 26.97 15.90 199.68
Tm 1.52 1.41 0.46 3.91 2.31 34.21
Yb 10.61 8.98 2.92 24.75 14.56 237.19
Lu 1.74 1.25 0.36 3.89 1.94 32.80
289J. Taylor, G. Stevens / Lithos 120 (2010) 277–292
Stellenbosch University  http://scholar.sun.ac.zapoorly segregated leucosome. The ﬁner-grained garnets from the
granite sheet show the same trace element patterns as the coarse-
grained garnets, with∑HREE=530–700 (1σ errors≤20 ppm); bell-
shapes zonation proﬁles, with Y typically 1200 ppm in the cores and
±500 ppm at the rims; LuN/GdN=30 in the cores of the garnets and
LuN/GdN=2–5 at the rims; and pronounced negative Eu anomalies
(Eu/Eu*=0.003–0.02).
Comparison of the metapelite, poorly segregated leucosome and
granite sheet bulk-rock trace element compositions show that HREE
abundances are relatively low and that all three rock types display
negative chondrite-normalised Gd–Lu slopes (LuN/GdN=0.61, 0.4
and 0.75 respectively) (Fig. 8d, Table 3). Europium anomalies are
negative,moderate, and vary between Eu/Eu*=0.57 in themetapelite
and Eu/Eu*=0.33 in the granite sheet.MnO 0.09 0.11 0.14 0.09 0.04
MgO 5.36 3.59 1.18 1.14 1.21
CaO 0.23 0.90 1.65 2.58 2.20
Na2O 0.32 1.32 3.14 3.35 3.86
K2O 2.49 2.04 1.55 1.13 1.68
P2O5 0.07 0.06 0.10 0.09 0.12
Total 99.53 99.60 99.49 99.46 99.41
Ba 414.00 298.00 276.00 244.00 207.00
Cs 3.40 3.30 0.60 2.40 1.60
Ga 20.20 15.10 13.80 12.40 18.60
Hf 3.90 13.30 11.20 17.70 21.70
Nb 18.30 48.10 6.30 6.60 24.20
Rb 137.60 111.60 39.90 45.70 75.40
Sr 49.50 136.90 164.00 387.30 207.10
Ta 1.10 4.80 0.20 0.50 0.90
Th 11.00 10.00 98.60 124.10 185.90
U 1.00 1.30 5.20 5.80 8.60
V 157.00 98.00 13.00 18.00 26.00
W 950.60 743.50 1523.00 1256.00 1273.00
Zr 134.30 568.30 418.90 658.40 862.70
Y 26.40 43.10 209.00 82.80 72.00
La 30.30 57.40 185.20 279.20 314.70
Ce 63.60 125.80 348.60 519.70 586.30
Pr 7.03 15.01 38.85 57.93 65.42
Nd 25.10 57.40 129.80 191.30 219.60
Sm 4.63 11.33 20.32 26.93 33.77
Eu 0.90 2.09 1.83 2.51 2.13
Gd 4.89 10.74 17.81 17.20 24.39
Tb 0.94 1.79 3.44 2.32 3.25
Dy 5.15 9.03 26.92 13.94 14.41
Ho 0.91 1.53 7.56 3.12 2.54
Er 2.64 4.20 25.79 10.77 7.33
Tm 0.39 0.60 4.16 1.70 1.10
Yb 2.37 3.71 24.63 10.60 6.30
Lu 0.37 0.53 3.57 1.60 0.956. Discussion and conclusions
6.1. The origin of the garnet in the anatectic structures
Garnet in the MVMSmetapelites is exclusively associated with the
development of leucosomes, andwhere there is no leucosome present
the rock is highly restitic and has clearly lost a signiﬁcant quantity of
melt. In addition, rocks that do not contain garnet show little evidence
for having melted. Thus the bulk of the garnet in the metapelites is
interpreted to be the peritectic product of the incongruent melting
reaction. Discrete leucosomes and anatectic structures associated
with melt segregation contain large aggregates of garnet. Although
these structures are likely to have lost melt, the granulite facies
character of the garnet and its limited potential to be accommodated
as a dissolved component in the melt (Montel and Vielzeuf, 1997),
argue against such large volumes of garnet in relatively small
anatectic features having crystallised from the melt. In essence,
melts in quartz saturated pelitic compositions at 850 °C have very low
maximum values for dissolved FeO+MgO (typicallyb2.2 wt.% in the
dataset of Stevens et al., 2007), strongly limiting the volume of
ferromagnesian minerals that can crystallise from them. Thus we can
conclude that peritectic garnet from the pelitic source was entrained
to the melt, and segregated with the magma. The likely size and shape
of the entrained crystals are demonstrated by the garnet crystals in
the thinnest, cross-cutting leucosome veins, which carry b1 mm,
intensely poikiloblastic garnets of the type found in the poorly
segregated leucosome (Fig. 6b and c).6.2. The textural and chemical evolution of garnet in the magma
Careful comparison of garnet texture and chemistry in the
anatectic structures with the peritectic garnets in the metapelitic
residue shows the following: garnets in the poorly segregated
leucosome and more discrete leucosomes contain the same mineral
inclusion suites that characterise the peritectic garnets in the
metapelites; and in terms of their major element compositions they
are identical. However, there is a systematic change in garnet texture,
chemistry and zonation details as the scale of the anatectic structure
increases. This includes a systematic loss of inclusions; an increase in
crystal size; the adoption of more euhedral grain-shapes; a small but
step-wise decrease inMg#; an increase in XSpss; and, the development
of a relatively wide rim domain characterised by increasing XSpss and
decreasing Mg#. In combination, these features render the garnets in
the larger anatectic structuresmoremagmatic in character. In a recent
study by Villaros et al. (2009a) of S-type granites from the Cape
Granite Suite (CGS), garnet dissolution–precipitation in the melt was
invoked as a fast and efﬁcient mechanism to re-equilibrate large
quantities of entrained peritectic garnet with the magma during its
ascent. This resulted in the garnets, now hosted in the granites,
appearing magmatic and having little or no chemical–textural record
of their peritectic origin. The garnet amalgamation process described
for the MVMS leucosomes, where compound crystals formed from the
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to evolve into large, rounded to euhedral, inclusion-free crystals in the
presence of melt, requires signiﬁcant recrystallisation. We propose
that the most efﬁcient mechanism to achieve this is via dissolution–
precipitation driven recrystallisation, where the garnet essentially
behaves as an oversaturated solute in the granitic magma solvent
(Clarke, 2007), and that this may explain the increasing magmatic
character of the garnets in the larger anatectic structures.
In addition, peritectic garnets in the metapelites and the poorly
segregated leucosome are characterised by low absolute Y and HREE
abundances, ﬂat HREE patterns, weak to moderately negative Eu
anomalies and in some cases variable trace element zonation. This is
strongly contrasted by the high absolute Y and HREE abundances of
the granite sheet garnets, as well as their steeper HREE slopes,
strongly negative Eu anomalies and regular, bell-shaped zonation
patterns. The increase in chondrite-normalised HREE slope in garnet
as the anatectic feature scales up does not simply reﬂect a bulk-rock
control, as indicated in Fig. 8d by the negative bulk-HREE slopes in all
three rock types. An alternative explanation is that peritectic garnet in
the metapelitic source was initially out of trace element equilibrium
with HREE-rich accessory phases zircon and monazite, and became
better equilibrated with these minerals subsequent to being
entrained. In addition, small negative Eu anomalies in peritectic
garnets where feldspar was present throughout the rock's anatectic
history is unusual, as equilibrium partitioning should result in Eu
strongly partitioning into feldspar (e.g. Acosta-Vigil et al., 2010; Bea
and Montero, 1999; Bea, 1996). These ﬁndings may have important
implications for the rates of melting, namely, that peritectic garnet
growth by incongruent reaction was signiﬁcantly faster than the rate
of HREE-rich accessory phase dissolution in the melt, and the rate at
which garnet-residual feldspar equilibration could occur. This is in
agreement with ﬁndings by Villaros et al. (2009b) who demonstrated
that the rate of zircon dissolution in a peraluminous granitic melt is
relatively slow, and Barbey (2007) who showed that peritectic
reactions involving biotite are likely to be strongly diffusion
controlled during the initial stages of the reaction. Only once the
entrained peritectic garnet recrystallised within the larger anatectic
structures and consequently re-equilibrated with the magma could
trace element equilibrium between garnet, melt, feldspar and
dissolved HREE-rich accessory phases be achieved.
Fig. 9 is a diagram illustrating the garnet dissolution–precipitation
and amalgamation process described above. As the garnets within the
anatectic structures display ﬂat major element zonation, commonly
interpreted to reﬂect syn to post-peak re-equilibration in granulites, a
number of observations can be made about the relative timing of the
textural and chemical evolution of the entrained peritectic garnets in
the MVMS anatectic structures. (1) Subsequent to being entrained,
garnets in the poorly segregated leucosome began to amalgamate at
high temperature, prior to major element homogenisation. The fact
that the amalgamated grains retain their inclusion-rich cores and
individual trace element zonation patterns indicates that the bulk of
the garnet did not recrystallise. Growth of the 100–200 μm inclusion-
free rims likely occurred after amalgamation of the garnets as a result
of minor dissolution–precipitation of garnet in the melt. This wasFig. 9. An illustration of the garnet entrainment process in the MVMS: (1) In the
metapelites melting is rapid and produces small (b1 mm) peritectic garnet poikilo-
blasts rich in biotite, quartz+melt inclusions, which are highly mobile and readily
entrained to the melt; (2) entrained peritectic garnet in the poorly segregated
leucosome undergoes limited recrystallisation and begins to amalgamate at high
temperature, prior to major element homogenisation of the garnet; and (3) in the
granite sheet the garnet undergoes rapid dissolution–precipitation, re-equilibration
with the magma and amalgamation to form larger compound, rounded to euhedral
crystals, prior to major element homogenisation of the garnet. The compound garnets
retain the individual, bell-shaped trace element zonation patterns of the fused garnets.
This is followed by a period of late-stage garnet growth by dissolution–precipitation
and exchange with biotite during cooling, or crystallisation from the melt in
equilibrium with biotite, to produce 300 μm wide, compositionally distinct rims.followed much later by diffusional resetting of the 5–20 μm
retrograde rims. (2) The lack of inclusions and higher trace element
abundances in the cores of the coarse-grained, fused granite sheet
garnets demonstrate that the cores were completely reworked by
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to their amalgamation. The trace element patterns of the ﬁne-grained
garnets in the granite sheet imply that most crystallised contempo-
raneously with the HREE and Y-rich cores of the large garnets, and are
therefore representative of the original garnets that amalgamated to
form the compound grains. This supports the idea that the garnets are
small when they are entrained, and that they undergo rapid
dissolution–precipitation and amalgamation in the magma to form
larger compound, rounded to euhedral crystals. The compound
garnets retain the individual, bell-shaped trace element zonation
patterns of the fused garnets. Major elements do not mimic this
zonation, thus granulite facies homogenisation occurred post amal-
gamation. The presence of a 300 μm-wide, compositionally distinct
Fe-rich rim indicates a period of late-stage garnet growth by
dissolution–precipitation and exchange with biotite, or crystallisation
from the melt in equilibrium with biotite.
6.3. Physical mechanisms for garnet entrainment and implications for
S-type granites
The question of how peritectic garnet leaves the source and is
mobilised over substantial distances is important in understanding S-
type granite petrogenesis and the apparent chemical memory of the
source that these granites display. Firstly the garnet needs to move
through the same restricted spaces that the melt moves through
during initial magma segregation. Secondly, the higher density garnet
must be prevented from fractionating from the magma in the deeper
portions of the crust. An important insight into this process gained
during this study is the ability of garnet to mobilise as b1 mm
(sometimes as small as 75 μm) intensely poikiloblastic grains. The
obvious consequence of theﬁner grain-size of the garnet is its ability to
move through narrow spaces and to maximize its surface area contact
with the melt. In addition, the presence of quartz+melt inclusions
lowers the effective density of the garnet, bringing it closer to that of
themelt. These features, combinedwith the fact that garnet is often the
main solid product of the incongruent melting of biotite at high
temperature, ultimately enhances its capacity for being selectively
entrained and transported in the magma to high-levels in the crust.
As suggested by the magmatic structures in the MVMS, entrained
peritectic garnet has the potential to strongly control the FeO+MgO
budget of the resulting magma. However, this does not imply that the
Mg# of the magmatic products must match the Mg# of the peritectic
garnet in a given source rock. This is because the garnets in all theMVMS
rocks andanatectic structures haveundergonemajor element, diffusional
homogenisation that post-dates anatexis. Thus, the original peritectic
garnet compositions may have been similar to the garnet compositions
now recorded in the granulites, however their precise major element
compositions cannot bemeasured. Furthermore, for rocks evolving along
the same PT trajectory, the Mg# of the peritectic garnets produced will
evolve to higher values as melting progresses, and, in addition will be
strongly dependant on the bulk-rock composition. Thus, magma
accumulations which have received additions of different batches of
magma will very likely have received peritectic garnets of different
composition. Lastly, although the entrained peritectic garnet contains a
signiﬁcant fraction of the FeO+MgO budget of themoremaﬁc granitoid
compositions, FeO+MgO that arrived in the magma as dissolved
components in the melt also constitute an appreciable fraction of the
maﬁcity of the magma (up to 2.15 wt.% in the experimental melts of
Patiño Douce and Johnston, 1991).
The ‘restite entrainment model’ of White and Chappell (1977),
which involves the entrainment of a mineralogically diverse, whole-
rock, residual source component in the melt as a mechanism for
generating peraluminous, maﬁc granites is clearly not applicable to
magma generation in the MVMS. Experimental evidence (e.g. Montel
and Vielzeuf, 1997; Stevens et al., 1997) suggests that between 20–
25% melt may be generated by ﬂuid-absent melting of equivalentmetapelite compositions at 850 °C, and ﬁeld evidence is in agreement
with a total melt yield in this range. However, despite the fact that this
approaches conditions where bulk ﬂow in a diatexitic environment
occurs (van der Molen and Paterson, 1979), pre-migmatisation
structures are preserved and the MVMS migmatites remained
metatexitic. Thus, the full volume of melt was probably never present
in the metapelites at once, and melt was continuously drained as it
was produced, thereby prohibiting whole-source mobility. The
current study therefore emphasises the potential for efﬁcient
segregation of garnet-rich magma, and selective entrainment of
only the solid peritectic product of the incongruent melting reaction
in aluminous sources where metatexitic conditions prevail. In
circumstances with a high heat ﬂux, as in the MVMS, the melting
reaction is rapid and produces small garnet crystals at the sites of
biotite breakdown which are potentially out of trace element
equilibrium with their source, and which are readily entrained to
the melt. The peritectic garnets are highly mobile and capable of
migrating out of the source along thin grain-boundary melt ﬁlms.
Once in a dominantly magmatic environment, the garnets evolve
texturally and chemically, rapidly losing their peritectic character via
dissolution–precipitation, re-equilibration with the magma and
physical amalgamation.
Melting initiated by major mantle heat addition to the crust is
considered to be one of the main mechanisms by which voluminous
granitic magmas arise. Thus, the processes recorded by the MVMS
may be considerably more relevant to the production of such magmas
than those which occur in migmatites which underwent slower, and
more protracted heating. It is from sources such as these that more
maﬁc, but also hot, water-undersaturated and highly mobile S-type
granitic melts may be derived. The physical process for entrainment
described here is in agreement with granitic magma ascent through
narrow conduits such as fractures and dykes (e.g. Clemens and
Mawer, 1992), as opposed to the restite model where whole-source
mobility is assumed (Wyborn and Chappell, 1986).
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Abstract
In this study we investigate the evolution of continental crust at the Paleo- to Mesoarchaean boundary 
by documenting granulite-facies metamorphism and partial melting of supracrustal gneisses from the 
Ancient Gneiss Complex in Swaziland. The polymetamorphic episodes recorded by the granulites 
between ca. 3.23 and 3.07 Ga coincide, in the fi rst instance, with the timing of subduction-accretion 
in the adjacent Barberton greenstone belt (BGB), and with discrete pulses of potassic granitic 
magmatism during differentiation and consolidation of the newly-assembled lithosphere. The trace 
element signatures of ca. 3.23-3.18 Ga aged zircons and monazites suggest growth at temperatures 
> ~750 ºC and pressures > 4-5 kbar. Mineral equilibria modeling constrains ca. 3.11-3.07 Ga 
metamorphism and partial melting in the rocks to ~830-875 ºC at ≥ 6.5-7.6 kbar, translating to 20-25 
km burial depth; followed by clockwise decompression and cooling to ~650 ºC and ~4.0 kbar. Hence, 
the granulites evolved along P–T paths similar to those documented for metamorphism in modern 
collisional orogens. High-temperature, solid-state deformation of the migmatites during uplift of the 
terrane is coaxial with the main NE-SW trending structural grain of the BGB, and mirrors the NW-
SE shortening and NE-SW orogen-parallel extension exhibited by the younger potassic granites. 
We reconcile these features with Mesoarchaean terrane assembly in Barberton via two NW-dipping 
subduction zones. The trace of the fi rst is represented by the main terrane boundary within the BGB; 
the second resulted in accretion, burial and high-temperature metamorphism along the SE margin 
of the proto-Kaapvaal Craton, with the granulites providing valuable insight into the mid- to lower-
crustal response to what appears to have been a protracted Mesoarchaean orogenic event.
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High-grade polymetamorphism in the AGC
INTRODUCTION
The Barberton granite-greenstone terrane 
and the Ancient Gneiss Complex (AGC) in 
the eastern to southeastern Kaapvaal Craton 
together represent one of the oldest, best-
preserved remnants of ancient continental 
crust on Earth. The excellent Paeleo- to 
Mesoarchaean rock record in the Barberton 
greenstone belt (BGB), specifi cally, has led 
to detailed investigations into the geodynamic 
evolution of this ancient crust, the majority of 
which are in strong support of a subduction-
accretion model for the main assembly 
phase of the greenstone belt and surrounding 
orthogneiss terrane at ca. 3.23 Ga (BGB-D2, 
De Wit et al., 1992; De Ronde and De Wit, 
1994; De Ronde and Kamo, 2000; Kamo and 
Davis, 1994; Lowe, 1994; Dziggel et al., 2002; 
Diener et al., 2005; Moyen et al., 2006; Kisters 
et al., 2010; Schoene and Bowring 2010; 
Lana et al., 2010b). This is believed to have 
resulted from the collision and amalgamation 
of various microcontinental fragments, namely 
suturing of the ca. 3.33 Ga Northern and ca. 
3.45 Ga Southern Barberton terranes along 
the Saddleback-Inyoka Fault System, the post 
collisional exhumation of the ca. 3.50-3.45 Ga 
Stolzburg block to the south of the belt (e.g. 
Kisters et al., 2010; Lana et al. 2010b), as well 
as accretion of the ca. 3.66 Ga Ancient Gneiss 
Complex (AGC) terrane to the southeast of the 
greenstone belt along the Phophonyane Shear 
Zone System (e.g. Lana et al., 2011) (Fig. 1). 
Key constraints on the timing and nature of this 
event (summarized in Fig. 2), is consistent with 
terrane accretion in an arc-trench setting where 
a NW-dipping subduction zone is inferred 
(e.g. Moyen et al., 2006). Recently, Schoene 
and Bowring (2010) revised this model by 
proposing a doubly vergent subduction system 
to account for a comparable magmatic and 
deformational history in the AGC (discussed in 
detail later). 
The eastern Kaapvaal Craton subsequently 
experienced a protracted (>120 Ma) period 
of crustal differentiation and episodic calc-
alkaline granitoid magmatism (e.g. the ca. 3.23-
3.22 Ga Usutu Suite, ca. 3.20 Ga Dalmein and 
ca. 3.14-3.10 Ga GMS suite magmatism; Fig. 
1; Schoene et al., 2008; Schoene and Bowring, 
2010; Lana et al., 2010a), which consolidated 
and increased the strength and preservation 
potential of the newly-accreted terranes (e.g. 
Schoene et al., 2008). This was accompanied 
by continued NW-SE regional shortening 
(BGB-D3, De Ronde and De Wit 1994; Westraat 
et al., 2005; Belcher and Kisters, 2006a), and 
concomitant NE-SW transtensional tectonism; 
resulting in the diachronous and differential 
orogen-parallel exhumation and cooling of the 
various crustal blocks along all margins of the 
BGB and AGC between 3.23 and 3.10 Ga (De 
Ronde and De Wit, 1994; Kisters et al., 2003; 
Schoene and Bowring, 2007; Schoene et al., 
2008; Lana et al., 2010b; Lana et al., 2011). 
The details of crustal evolution following ca. 
3.23 Ga terrane assembly remain somewhat 
controversial, largely because little metamorphic 
information from appropriate crustal depths is 
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formed subsequent to Kaapvaal Craton 
consolidation (Taylor et al., 2010; Taylor 
and Stevens, 2010). Rare metasedimentary 
units within the AGC provide excellent 
opportunity for constraining the geodynamic 
evolution of this terrane; in particular, high-
grade paragneisses developed in south-central 
Swaziland (Wilson, 1980, 1982; Kröner et 
available for this time period. In comparison 
to the BGB, the AGC remains highly under-
explored. Virtually no published metamorphic 
studies have to date been conducted on any 
of the rock units comprising the AGC, with 
the exception of recent investigations of ca. 
2.73 Ga granulites from the Mkhondo Valley 
Metamorphic Suite (MVMS) (Fig. 1) which 
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Figure 1. Simplifi ed geological map of the eastern Kaapvaal Craton, modifi ed after Wilson (1982) and Schoene and 
Bowring (2010). The map depicts important components of the Barberton granite-greenstone terrane, the Ancient Gneiss 
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al., 1993; Fig. 1). The granulite-facies grades 
of metamorphism recorded by theses gneisses 
are contrasted by the typical lower greenschist-
facies grades of metamorphism in the BGB 
(with the exception of the high-pressure 
amphibolite-facies southern Barberton terrane, 
Dziggel et al., 2002; Diener et al., 2005; Moyen 
et al., 2006), and amphibolite-grade conditions 
throughout much of the AGC in Swaziland 
(Jackson, 1984). Consequently, these rocks 
have the potential to provide insight into the 
deeper regions of the southeastern Kaapvaal 
Craton crust, and processes pertaining to 
early cratonization and crustal differentiation. 
The current study represents the fi rst detailed 
investigation into the evolution of this high-
grade terrane, with the aim of expanding what is 
currently known about the development of one 
of the oldest proposed accretionary cratonic 
margins on Earth, and our understanding of 
the nature of Archaean tectonometamorphic 
processes in general.
GEOLOGICAL SETTING
The AGC in Swaziland is an orthogneiss-
dominated terrane comprised of four main 
lithological units (Fig. 1): fi nely interlayered and 
multiply deformed TTGs of the ca. 3.66-3.50 
Ga Ngwane gneiss (Kröner et al., 1989); the ca. 
3.55 Ga mafi c- to felsic, volcano-sedimentary 
Dwalile Suite (Kröner and Tegtmeyer, 1994); 
the ca. 3.45-3.43 Ga Tsawela tonalite (Kröner 
et al., 1989); and ca. 3.23-3.22 Ga tonalites and 
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Figure 2. Diagram summarizing the magmatic, sedimentary, tectonic and metamorphic constraints for ca. 3.23 Ga 
subduction-accretion in Barberton. References: (a & b) Kamo and Davis, 1994; Schoene et al., 2008; Kisters et al., 
2010; (c) Lowe and Byerly, 1999; (d) Heubeck and Low, 1994; (e) Dziggel et al., 2002; (f) De Ronde et al., 1991; Kamo 
and Davis, 1994; (g) Dziggel et al., 2002; (h) Kamo & Davis, 1994; Diener et al., 2005; Moyen et al., 2006; Lana et 
al., 2010b.
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granodiorites of the Usutu Suite (Schoene and 
Bowring, 2010). In addition, metasedimentary 
units of unknown association occur in south-
central Swaziland (Fig. 1). These include the 
Mkhondo Valley Metamorphic Suite (MVMS) 
gneisses, as well as high-grade paragneisses to 
the NE of the MVMS referred to as ‘Shiselweni’ 
gneisses by Kröner et al. (1993), but mapped 
as ‘Mahamba’ gneisses in the latest geological 
map of Swaziland (Wilson, 1982). In addition, 
mafi c-felsic banded orthogneiss units mapped 
as both ‘Mahamba’ and ‘Nhlangano’ gneiss 
(Wilson, 1982) are intimately associated with 
these metasedimentary units (Fig. 1). The AGC 
in the southeastern Kaapvaal Craton is overlain 
by a thick, Late Archaean volcano-sedimentary 
succession, the < 2.98 Ga Pongola Supergroup 
(Hegner et al., 1994), and is cross-cut by 
numerous younger granites (Fig. 1). 
Available CA-ID-TIMS U-Pb zircon ages for 
some components of the orthogneisses mapped 
as ‘Nhlangano’ gneiss, indicate that these rocks 
likely form part of the ca. 3.28-3.24 Ga basement 
in the area (Schoene and Bowring, 2010). In the 
model for Kaapvaal Craton assembly proposed 
by Schoene and Bowring (2010), the ca. 3.28-
3.24 Ga Nhlangano orthogneiss and ca. 3.23-
3.22 Ga Usutu Suite represent subduction-
driven arc magmatism south of Barberton in 
a NW-SE compressive tectonic regime, which 
coincided with ca. 3.30-3.23 Ga magmatic arc 
formation in the Northern Barberton terrane 
(Badplaas, Nelspruit, Stentor, Nelshoogte and 
Kaap Valley magmatism, Fig. 1) as well as ca. 
3.30-3.22 Ga Fig Tree basin closure (Kamo 
and Davis, 1994; Schoene et al., 2008; Kisters 
et al., 2010). In their model, a doubly-vergent 
subduction zone which dipped NW beneath 
the Northern Barberton terrane and SE beneath 
the southern Stolzburg and AGC terranes, is 
proposed to account for the coeval magmatism.
The high-grade paragneisses investigated in this 
study crop out along three main river sections 
in south-central Swaziland: namely at the 
intersection between the Ngudwane and Luboya 
Rivers (26º51’43.1’’S and 31º24’29.3’’E); and 
the Matsanjeni River on the Kubuta Sisa Cattle 
Ranch in the area of Kubuta (26º49’11.8’’S 
and 31º25’32.7’’E). Due to inconsistencies in 
the nomenclature used in both the published 
and unpublished literature (e.g. Wilson, 1982; 
Kröner et al., 1993), as well as ambiguity in 
the classifi cation of these gneisses, we have 
chosen to refer to these units as the ‘Luboya’ 
gneisses (supracrustal gneisses exposed near 
the Ngudwane-Luboya River intersection) and 
the ‘Kubuta’ gneisses (supracrustal gneisses 
exposed along the Matsanjeni River on the 
Kubuta Sisa Cattle Ranch). No published 
metamorphic or geochronological constraints 
exist for the Luboya and Kubuta gneisses, 
which are dominated by partially melted and 
deformed metapelites and metagraywackes. An 
earlier metamorphic investigation (Milisenda, 
1986; unpublished Diploma Thesis), suggested 
equilibration temperatures of 700-900 ºC and 
pressures of 7-8 kbar for the Luboya and Kubuta 
assemblages. In the following sections we 
present a combination of fi eld, metamorphic, 
structural, and LA-ICP-MS U-Pb zircon and 
monazite age data for the gneisses from these 
two localities.
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METAMORPHIC ROCK TYPES AND 
ANATECTIC FEATURES
At the Ngudwane-Luboya River intersection 
there is limited exposure of interlayered 
metapelites and metapsammites. The 
dominant peak metamorphic assemblage in 
the metapelites is Grt + Crd + Bt + Sil + Kfs + 
Qtz ± Pl ± gahnite-rich Spl (Fig. 3a) (mineral 
abbreviations are after Kretz, 1983), while 
fi ner-grained metapsammites preserve the 
assemblage Grt + Bt + Pl + Qtz ± Kfs (Fig. 3b). 
Most rock types display features that refl ect 
substantial in situ partial melting. Metapelites 
contain stromatic, foliation-parallel leucosomes 
that are developed as lenses around cm-scale 
Grt porphyroblasts (Fig. 3a & i). Layers of the 
high-grade pelitic host gneiss alternate with mm 
to cm-wide, concordant, coarse-grained Grt + 
Qtz + Kfs ± Pl-bearing leucosome segregations 
(Fig. 3c & d). In places with a high leucosome 
proportion, host gneiss and leucosome are 
separated by thin, melanocratic bands rich in 
Bt + Crd rich (Fig. 3e). Where there is little in 
situ leucosome present, the pelitic gneisses are 
restitic containing 30-40 volume % Grt (Fig. 
3a). The petrographic features of these garnets, 
discussed in detail later, suggest that they are 
peritectic. In contrast, the metapsammites show 
less evidence for having melted pervasively, 
containing a signifi cantly lower proportion of 
peritectic Grt that manifests as small euhedral 
garnets surrounded by narrow Qtz-feldspar 
halos, and occasional cm-wide, layer-parallel 
Grt-bearing leucosomes (Fig. 3b). 
Paragneisses on the Kubuta Sisa Cattle Ranch 
form a > 6 km continuous section of exposure 
along the Matsanjeni River. The dominant 
sedimentary rock type here is an aluminous 
metagraywacke preserving the peak assemblage 
Grt + Bt + Pl + Qtz ± Kfs ± Opx. Subordinate 
metagraywackes preserve the assemblage Crd 
+ Bt + Opx + Pl + Qtz. A single thick unit of 
metagraywacke contains the assemblage Hbl + 
Bt + Kfs + Pl + Qtz. Rare metapelitic layers 
preserve the assemblage Crd + Bt + Sil + Kfs 
+ Pl + Ms + Qtz. Metagraywackes typically 
host mm- to cm-wide stromatic, foliation and/
or layer-parallel leucosomes containing coarse-
grained Grt/Opx + Qtz + Pl + Kfs ± Ms (Fig. 
3h). The stromatic leucosomes feed into cross-
cutting segregations that are discordant to the 
layering and fabric in the host gneiss (Fig. 3h). 
Opx in the leucosomes is commonly replaced 
by Hbl, Ep or Chl, and Grt by Chl. In contrast, 
where there is little in situ leucosome present, 
metagraywackes appear restitic with high 
proportions of Grt ± Opx. In some areas of the 
outcrop, metagraywackes and metapelites are 
intruded by m-thick, Grt-bearing melt sheets, 
indicating substantial melt production by the 
gneisses in this area. The entire Matsanjeni 
River succession is intruded by granodioritic 
sheets and dykes, which clearly cross-cut the 
high-grade layering and fabric.    
A detailed description of key petrographic and 
mineral chemical features in representative 
metapelites and metagraywackes from the 
Luboya and Kubuta areas follows.
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PETROGRAPHY AND MINERAL 
CHEMISTRY
Luboya gneisses
Sample Lu2 is a representative Grt + Bt + Crd 
+ Sil + Kfs + Qtz-bearing Luboya metapelite 
containing accessory minerals Zrn, Mnz, Ap, 
Ilm, and minor Aln. In this sample, 5-10mm Grt 
porphyroblasts (locally as large as 20-30mm) 
are hosted by stromatic leucosomes that form 
coarse-grained Qtz + Kfs halos around the 
garnets. The leucosomes and garnets are set in 
a medium to fi ne-grained matrix dominated by 
strongly foliated Bt, Crd, Grt, Sil, Qtz and Kfs, 
with the foliation typically wrapping around 
the Grt. The interiors of the Grt porphyroblasts 
contain large lobate Qtz, or low-dihedral angle, 
polycrystalline (Qtz + Bt ± Kfs) inclusions, as 
well as fi ne Sil needles, less common rounded 
Bt and Zrn + Mnz inclusions (Fig. 4a). The 
low-dihedral angle inclusions are interpreted 
to be crystallized former melt (Holness, 2006). 
In addition, some Grt porphyroblasts from 
equivalent pelitic samples contain abundant, 
fi ne-grained Ilm inclusion trails in their cores.
A characteristic feature of the Grt porphyroblasts 
from all the metapelites in this area is the 
presence of 200-400μm wide, texturally 
distinct rims, preferentially developed where 
the Grt is in direct contact with the strongly 
foliated matrix (Fig. 4b & c). These rims 
contain large concentrations of rounded Bt, Qtz 
and Kfs inclusions; Sil needles; Zrn and Mnz 
inclusions; and polycrystalline former ‘melt’ 
inclusions. Some of the Sil inclusions situated 
along fi ne cracks in the Grt are partially 
replaced by phengetic Ms. This likely refl ects 
retrogression of Sil during cooling into the 
Ms stability fi eld, aided by increasing water 
and potassium activity as the in situ melts 
crystallized. In addition to the mm- to cm-sized 
Grt porphyroblasts, fi ne-grained (100-300μm) 
garnets, which texturally resemble the rims on 
the porphyroblasts, are aligned in the Bt folia in 
the matrix (Fig. 4d). In combination, the textural 
evidence indicates growth of the inclusion-rich 
rims and fi ne-grained matrix Grt concurrently 
with, or subsequent to, the development of a 
high-grade fabric in the rocks. 
The Grt porphyroblasts are almandine-rich 
and are characterized by broad, homogeneous 
interiors where Mg# [100 x Mg/(Mg + Fe2+)] 
= 24-25, XSpss [Mn/(Fe2+ + Mg + Ca + Mn)] 
= 0.02 and  XGrs [Ca/(Fe2+ + Mg + Ca + Mn)] 
= 0.02 (Table 1a; Fig. 5a). Approximately 100-
600μm from the rim the Grt grains become 
strongly zoned. In this region there is a gradual, 
rimwards decrease in Mg# and increase in 
XSpss to Mg# = 11, XSpss = 0.03 and XGrs = 
0.01 (Fig. 5a). The fi ne-grained Grt grains in the 
matrix range in composition from Mg# = 17-
20, XSpss = 0.02-0.03 and XGrs = 0.01 in the 
cores, to Mg# = 11-18 in the rims. All Grt types 
are extensively replaced by Crd (Mg# = 59), 
which forms broad, attenuated mantles around 
the grains (Fig. 4a & b). Large Sil crystals in 
the matrix are also rimmed and replaced by 
Crd of the same composition (Fig. 4e). Crd in 
this sample is extensively pinitized and almost 
entirely replaced by fi ne-grained, phengetic Ms 
(Mg# = 53-65). Three textural and compositional 
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Figure 4. (a) Peritectic Grt porphyroblasts from metapelite sample Lu2, which are mantled and replaced by Crd in the 
matrix. The black box indicates the location of the inclusion-rich rim domain. (b) An enlargement of the rim domain in 
Grt from Lu2, showing high concentrations of Bt, Qtz, Kfs, Sil and former ‘melt’ inclusions. The rim domain is exten-
sively replaced by Crd. (c) A large Grt porphyroblast from a Luboya metapelite showing the presence and absence of an 
inclusion-rich rim. (d) Fine-grained peritectic Grt in sample Lu2 growing in the Bt folia in the matrix. (e) Replacement 
of Sil in the matrix by Crd in sample Lu2. (f) Peritectic Grt poikiloblasts and Opx in the Kubuta metagraywacke Kub8. 
(g & h) The Kubuta metagraywacke Kub23, containing garnets with highly embayed margins where they are extensively 
replaced by Bt + Pl + Qtz intergrowths, interpreted as crystallization-hydration replacement textures.   
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 4
10
High-grade polymetamorphism in the AGC
varieties of Bt are present (Table 1a). Rounded, 
high Ti Bt (Mg# = 59-71), included in both the 
core and rim domains of the Grt, is interpreted 
to be remnants of the high temperature Bt 
that underwent incongruent melting during 
peritectic Grt growth. High Ti Bt (Mg# = 48) 
is also present in the matrix foliation. Coarser-
grained, low Ti Bt (Mg# = 63) preferentially 
forms in the pressure shadows around Grt 
where it replaces the Grt. Perthitic Kfs occurs 
as medium- to coarse-grained crystals in the 
matrix and around Grt (XSan = K/(Ca + Na + 
K) =  0.50-0.71), and occasionally as rounded 
inclusions in Grt (XSan = 0.42-0.92). The 
100-600μm compositional rims on the Grt 
porphyroblasts are not always present, and are 
neither correlated with the width or presence 
of an inclusion-rich rim domain. Instead, the 
intensity of the zoning depends entirely on the 
presence of Fe-Mg exchange partners replacing 
Grt. Where there is no Crd/Bt in direct contact 
with the Grt, the inclusion-rich rims have 
identical compositions to the broad homogenous 
cores, and the compositional zoning in the Grt is 
minor or absent. This demonstrates diffusional 
resetting of Grt after growth of the inclusion-
rich rims. 
Kubuta gneisses
Sample Kub8 is a medium-grained 
metagraywacke preserving the peak assemblage 
Grt + Bt + Opx + Pl + Kfs + Qtz, and contains 
accessory minerals Zrn, Mnz, Ap, Ilm, and Py. 
Mg#
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Figure 5. (a) Chemical zonation profi les through peritectic Grt from samples Lu2, and (b) Kub8. The garnets are char-
acterised by broad, compositionally unzoned interiors surrounded by 100-600μm wide retrograde rims (dashed lines), 
which are neither correlated with the width or presence of inclusion-rich rim domains. 
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The sample has a moderate- to well-developed 
gneissic fabric defi ned by the preferred 
alignment of Bt and lenses of Qtz and feldspar. 
The Grt occurs as rounded, subhedral 0.8-2 
mm poikiloblasts with inclusion-rich cores 
(Fig. 4f) which contain lobate Qtz, high Ti Bt 
(Mg# = 55-61), Zrn, Mnz, and low dihedral 
angle, polycrystalline inclusions of Bt + Qtz 
+ Pl interpreted to represent former melt 
inclusions. The Grt poikiloblasts have broad, 
compositionally unzoned interiors where Mg# 
= 24-25, XSpss = 0.02 and XGrs = 0.04-0.05, 
surrounded by 100-200μm wide compositional 
rims (Table 1b; Fig. 5b). Within the rim 
domains there is a gradual decrease in Mg# 
from 24 to 19 from the core to the outer edge of 
the Grt, where XSpss = 0.02, and XGrs = 0.04-
0.06. The garnets have embayed margins where 
they are rimmed and extensively replaced by 
high Ti matrix Bt (Mg# = 49) defi ning the 
foliation, as well as Pl (XAb = Na/(Ca + Na 
+ K) = 0.70) and Qtz (Fig. 4f; Table 1b). The 
Bt typically anastomoses around the Grt and is 
concentrated in the pressure shadows around 
the poikiloblasts. Coarse-grained, ferrosilite-
rich (Mg# = 46) Opx occurs interstitially in the 
matrix. It also contains high Ti Bt inclusions 
(Mg# = 50) that are identical in composition 
to the matrix Bt, in addition to inclusions of 
Pl (XAb = 0.70), perthitic Kfs (XSan = 0.77), 
polycrystalline former ‘melt’ inclusions, and 
Ap + Py inclusions. The Opx is extensively 
replaced by fi ne-grained anthophyllite (Mg# = 
73) along cracks and cleavage planes. 
Sample Kub23 is a medium to coarse-grained 
metagraywacke located near the source of 
the Matsanjeni River (26º49’24.5’’S and 
31º23’44.5’’E). It contains Grt + Bt + Qtz + Pl 
+ minor Kfs, plus accessory phases Zrn, Mnz, 
Ilm, Aln and Py (Fig. 4g). The rock carries a 
strong gneissic fabric defi ned by the preferred 
alignment of Bt and lenses of Qtz and feldspar. 
Evidence for in situ melting in this sample 
includes thin foliation parallel leucosomes or 
patchy domains of Qtz and feldspar concentrated 
around aggregates of poikiloblastic, ~1mm 
Grt grains. As in sample Kub8, the garnets 
have highly embayed margins where they are 
extensively retrogressed and replaced by Bt 
+ Pl + Qtz intergrowths (Fig. 4g & h), with 
strongly foliated matrix Bt concentrating in the 
pressure shadows around the Grt. 
STRUCTURAL FEATURES
Excellent exposure of the migmatites along 
river pavements allows their local structural 
features to be observed in detail. At both 
localities, the earliest discernable fabric in 
the rocks, S1, is represented by mm- to cm-
wide stromatic leucosomes which alternate 
with concordant layers of the high-grade host 
gneiss (Fig. 3d,e & h). The stromatic layering 
is locally cross-cut by discordant leucosomes 
(Fig. 3h) or thicker melt sheets, indicating melt 
extraction and the syn-peak anatectic nature of 
the early D1 deformation event. 
This S1 layering is overprinted by a pervasive, 
high-temperature fabric, S2, associated with 
a period of solid-state deformation, D2. The 
regionally developed S2 foliation strikes NE-
SW and dips moderately to steeply towards 
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the SE (av. dip direction 133º) (Fig. 3d; Fig. 
6). The high temperature, yet solid-state 
nature of the D2 event is indicated by intense 
deformation of the leucosomes themselves, e.g. 
recrystallized feldspar grains in the leucosomes 
(recrystallization takes place at temperatures 
> 400-500 ºC, Paschier and Trouw, 1996) and 
aligned accumulations of peritectic Grt (Fig. 3f 
& g). In addition, the leucosome margins exhibit 
cuspate fl ame structures at the contact with the 
host gneisses, indicating higher competency of 
the leucosomes relative to the gneisses at the 
time of D2 deformation (Fig. 3f) (e.g. Ramsay 
and Huber, 1987). Qtz/feldspar rods defi ne the 
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Figure 6. Structural map and sample localities of the Luboya and Kubuta supracrustal gneisses exposed along the Ngud-
wane-Luboya and Matsanjeni Rivers in south-central Swaziland. Structural data was compiled from this study and the 
literature (Wilson, 1980, 1982).
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main L2 mineral stretching lineation (Fig. 3d). 
L2 is oblique, plunging shallowly to moderately 
towards the NE- to ENE (av. plunge direction 
51º) (Fig. 6). In places, anatectic leucosomes 
form m-scale, subhorizontal prolate rods that 
plunge parallel to the internal L2 stretching 
lineation (Fig. 3c). At several localities it 
was observed that the S2 fabric, L2 stretching 
lineation and leucosome rods are intimately 
associated with tight to isoclinal folding of 
the migmatite layers (Fig. 3d & e). The axial 
trends of these folds are aligned with the strike 
of the S2 foliation, and plunge shallowly to 
moderately towards the NE- to ENE, therefore 
parallel to the L2 stretching lineation (Fig. 6). 
Many of the tight folds develop an elongate, 
tube-like geometry (Fig. 3d) that, together with 
the prolate leucosome rods and L-tectonite 
fabrics, is suggestive of a strong constrictional 
stress fi eld with a principal subhorizontal to 
oblique NE-SW stretching direction. 
Kinematic indicators are rare, which is 
consistent with this type of constrictional 
deformation. However, some D2 asymmetric 
folds, as shown in Fig. 3 (d & e), occur locally 
at Luboya. The fold asymmetry is linked to a 
normal-sense of shear (SE-side down, NW-
side up) along low angle, parallel shear planes. 
Similarly, large, rotated Grt porphyroblasts with 
leucosome mantles occur in metapelites (Fig. 
3i) where they indicate a normal component 
for the shearing. Thus, movement associated 
with the shearing resulted in the progressive 
exhumation of structurally deeper layers. 
SUMMARY OF LA-ICP-MS U-Pb 
GEOCHRONOLOGY
A brief presentation of the U-Pb age data 
generated by LA-ICP-MS dating of zircon and 
monazite from a variety of Luboya and Kubuta 
metasedimentary rocks and leucosomes 
follows. For an in-depth description of the 
LA-ICP-MS dating method, as well as a 
detailed interpretation of the samples, the 
reader is referred to the online Appendix and 
Supplementary Tables A1, A2, B1, B2 and B3. 
Zircons extracted from metagraywacke sample 
Kub23, metapelite Kub17 and metapsammite 
Lu17 record complex, yet similar growth 
histories. Cathodoluminescence (CL) imaging 
and spot analyses of the zircons grains show 
that they typically contain euhedral, oscillatory-
zoned cores with high Th/U ratios, which are 
truncated by as many as two, CL-distinct, 
generally structureless, low Th/U rims (Fig. 7a, 
b, c, d & e; Table 2). In addition, Lu17 contains 
round, structureless, low Th/U grains. Low 
Th/U zircon is a typical feature of zircon from 
high-grade metamorphic rocks (e.g. Rubatto, 
2002) in which zircon has grown in the presence 
of another mineral that strongly partitions 
Th with respect to U (e.g. monazite, allanite, 
titanite). Therefore the oscillatory-zoned, high 
Th/U cores in the Luboya and Kubuta zircons 
are viewed as detrital, having been derived 
from a magmatic source, and low Th/U rims 
and structureless grains are regarded as having 
a metamorphic origin. Zircon and monazite 
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U-Pb data used to calculate weighted mean 
207Pb/206Pb ages for the samples (Table 2) were 
generally concordant (103-95%); a minority 
were moderately discordant (as low as 83%). 
Analyses of detrital cores in the zircons yield 
weighted mean 207Pb/206Pb ages of 3514 ± 12 
Ma; 3320.2 ± 7.3 Ma and 3503 ± 31 Ma from 
samples Kub23, Kub17 and Lu17 respectively 
(Table 2; Fig. 8a & c, Fig. 9a; Supplementary 
Table A1). The low Th/U metamorphic rims on 
zircons yield weighted mean 207Pb/206Pb ages of 
3222 ± 19 Ma and 3098 ± 18 Ma respectively 
from sample Kub23; 3092 ± 12 Ma from 
sample Kub17; and 3225 ± 16 Ma and 3108 ± 
16 Ma from sample Lu17 (in this sample, both 
ages were obtained from zircon rims and round 
structureless grains) (Table 2; Fig. 8a & c, Fig. 
9a; Supplementary Table A1). 
Monazite from Kub23, Kub17 and 
metagraywacke sample Kub8 was also dated. 
Back-scattered electron (BSE) imaging of 
the monazite grains shows that they are 
either internally unzoned, or characterized 
by irregular, weak, patchy zonation (Fig. 7f, 
g & h). Analyses from older core domains in 
monazites from samples Kub23 and Kub17 
yield weighted mean 207Pb/206Pb ages of 3228.6 
± 7.5 Ma and 3213.8 ± 6.0 Ma respectively 
(Table 2; Fig. 8b & d; Supplementary Table 
A2). Analyses from younger unzoned grains, 
or rim domains in monazite from samples 
Kub23, Kub17 and Kub8 yield weighted mean 
207Pb/206Pb ages of 3160 ± 11 Ma and 3080 ± 
8.9 Ma; 3161 ± 15 Ma and 3087 ± 15 Ma; and 
3091.3 ± 7.1 Ma respectively (Table 2; Fig. 8b, 
d & e; Supplementary Table A2). Therefore, 
ignoring the intermediate ca. 3.16 Ga ages for 
now, monazite age populations at ca. 3.23-
3.21 Ga and ca. 3.09-3.08 Ga are consistently 
within error of the age of metamorphic rims 
on zircons from the same samples. Monazite 
from metapelite sample Lu6 display extremely 
complex, irregular BSE zoning (Fig. 7i), and 
(a) (b) (c) (d)
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(m)
3402
3078 
50μm
(o) Figure 7. (a & b) Zircon CL images for sample 
Kub23; (c & d) Kub17; and (e) Lu17. (f) Monazite 
BSE images for sample Kub23; (g) Kub17; (h) Kub8; 
(i) Lu6; (j) Kub14; and (k & l) Lu9. (m) In situ mona-
zite inclusion in a peritectic Grt from sample Kub8; 
and (n & o) Lu6. 
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Figure 8. (a-e) U-Pb Concordia diagram plots for zircon and monazite from Kubuta metasedimentary samples; and 
(f) a Kubuta leucosome.
Stellenbosch University  http://scholar.sun.ac.za
CHAPTER 4
18
High-grade polymetamorphism in the AGC
analyses of the various domains in the grains 
defi ne fi ve distinct age populations with 
weighted mean 207Pb/206Pb ages of 3436 ± 19 
Ma, 3356 ± 20 Ma, 3234 ± 10 Ma, 3101.9 ± 
9.2 Ma and 2993.8 ± 8.5 Ma (Table 2; Fig. 9b; 
Supplementary Table A2), in addition to a single 
spot age of 3395 ± 17 Ma. Older ages tended 
to be derived from BSE-darker core domains, 
and the three younger ages were obtained from 
analyzing brighter rim domains in the grains. 
An anatectic Kubuta leucosome Kub14 
contains BSE unzoned monazite (Fig. 7j). 
It yields a single weighted mean 207Pb/206Pb 
age of 3082.5 ± 8.8 Ma (Table 2; Fig. 8f; 
Supplementary Table A2), and is hence within 
error of the youngest metamorphic zircon 
and monazite from host gneisses in this area. 
Monazite from an anatectic Luboya leucosome 
Lu9 is BSE unzoned or contains weak, patchy 
zonation (Fig. 7k & l). Analyses of unzoned 
grains or darker core domains yield a weighted 
mean 207Pb/206Pb age of 3188.9 ± 6.2 Ma (Table 
2; Fig. 9c; Supplementary Table A2), which is 
considerably younger than the oldest ca. 3.22 Ga 
metamorphic zircon and ca. 3.23 Ga monazite 
from host gneisses in this area. Analyses of 
brighter rim domains defi ne two dominant 
younger age populations with weighted mean 
207Pb/206Pb ages of 3114 ± 10 Ma and 3058 
± 14 Ma (Table 2; Fig. 9c), which are within 
error of the youngest metamorphic zircon and 
monazite from the Kubuta and Luboya areas. 
Two analyses yield 207Pb/206Pb spot ages of e.g. 
2973 ± 24 Ma (Table 2).
In addition to dating monazite grain separates, 
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in situ monazite inclusions in Grt were dated 
so as to provide better constraints on the age 
of Grt growth in these samples. The youngest 
monazite inclusions in Grt produced weighted 
mean 207Pb/206Pb ages of 3077 ± 33 Ma, 3110 
± 21 Ma and 3072 ± 33 Ma in samples Kub23, 
Kub8 and Lu6 respectively (Fig. 7m, n & o; 
Table 2; Supplementary Table A2) with the 
relatively large uncertainties refl ecting the small 
number of  monazite inclusions found  in each 
case. This constrains peritectic Grt growth, and 
hence partial melting in the Luboya and Kubuta 
terrane to at, or post, ca. 3.11-3.07 Ga. In general 
there was no systematic correlation between the 
position of the monazite inclusions in the Grt 
and their age. However in the Luboya metapelite 
Lu6, of the two monazite grains found included 
in the core domains of Grt porphyroblasts, ages 
exclusively older than 3.40 Ga were obtained. 
Whether this is merely a sampling bias or a real 
trend requires further investigation. However, 
the possibility does exist that a component of 
Grt older than ca. 3.11-3.07 Ga is preserved in 
the Luboya rocks.
ZIRCON AND MONAZITE TRACE 
ELEMENT GEOCHEMISTRY
Zircon and monazite U-Pb age data presented 
above clearly indicate a polymetamorphic 
history for the Luboya and Kubuta granulites. 
In the following section we investigate the 
trace element characteristics of key zircon and 
monazite age populations, in order to make 
general conclusions about their conditions 
of growth and equilibration. For a detailed 
description of the LA-ICP-MS trace element 
method, the reader is referred to the online 
Appendix. 
Figure 10 shows the chondrite-normalized 
REE patterns of zircon and monazite age 
domains from samples Kub23, Lu6 and Lu9. 
In general, the ca. 3.22 Ga metamorphic zircon 
rims from sample Kub23 are characterized by 
Table 3 REE compositions of average (a.v.) zircon and monazite age domains from metagraywackes 
Kub23, metapelite Lu6 and anatectic leucosome Lu9. Values are given in ppm.
Kub23 Lu6 Lu9
av. zircon av. monazite av. monazite
3.51 Ga 3.22 Ga 3.10 Ga 3.23 Ga 3.10 Ga 3.18 Ga 3.11 Ga 3.05 Ga
Y 1871 1711 1240 8356 5315 7320 12194 9804
La 0.81 3.8 0.46 116780 114278 107563 109799 99502
Ce 15 26 3.4 230469 230469 230469 230469 230469
Pr 0.75 3.0 0.4 26705 26350 27189 27390 28621
Nd 7.1 20 2.6 117464 115024 110734 112704 123545
Sm 9.5 13 2.8 24248 24208 23795 23877 27469
Eu 1.8 3.3 0.57 2403 1796 465 531 304
Gd 48 46 16 19945 17688 16480 18456 20534
Tb 15 14 7.8 1759 1313 1324 1706 1630
Dy 184 172 116 4499 3021 3577 5316 4596
Ho 64 58 43 345 228 303 531 429
Er 287 277 216 326 221 316 651 491
Tm 58 65 52 16 11 17 42 28
Yb 557 732 593 45 29 46 143 80
Lu 92 134 105 3.2 2.5 3.3 12 5.9
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moderately negative Eu anomalies (Eu/Eu* 
= 0.23-0.52 av. 0.32), and moderately steep 
HREE patterns (GdN/LuN = 0.01-0.09 av. 0.04); 
whilst the ca. 3.10 Ga metamorphic zircon rims 
typically display large negative Eu anomalies 
(Eu/Eu* = 0.06-0.30 av. 0.18) and slightly 
steeper HREE patterns (GdN/LuN = 0.01-0.07 
av. 0.02) (Table 3, Fig. 10a). The ca. 3.23 
Ga monazite age domains from sample Lu6 
are characterized by moderately negative Eu 
anomalies (Eu/Eu* = 0.11-0.46 av. 0.31) and 
moderate to strong HREE depletion (GdN/LuN 
= 277-3555 av. 1260); whilst the ca. 3.10 Ga 
monazite domains display large to moderate 
negative Eu anomalies (Eu/Eu* = 0.05-0.42 av. 
0.24) and similar HREE depletion (GdN/LuN = 
427-2525 av. 1351) compared to ca. 3.10 Ga 
domains (Table 3, Fig. 10b). All three monazite 
age domains from leucosome Lu9 have large 
negative Eu anomalies (Eu/Eu* = 0.07-0.08 
av. 0.07 for ca. 3.18 Ga monazite; 0.04-0.12 
av. 0.07 for ca. 3.11 Ga monazite), with ca. 
3.05 Ga aged monazite displaying the largest 
negative Eu anomalies (Eu/Eu* = 0.04) (Table 
3, Fig. 10c). The ca. 3.18 Ga monazite is the 
most HREE depleted (GdN/LuN = 404-2998 av. 
817), and the ca. 3.11 Ga monazite (GdN/LuN 
= 132-611 av. 251) and ca. 3.05 Ga monazite 
(GdN/LuN = 414-461 av. 435) is moderately 
HREE depleted. 
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Figure 10. (a) Chondrite-normalized (Taylor and McLen-
nan, 1985) REE patterns of zircon and monazite age do-
mains from samples Kub23; (b)Lu6; and (c) Lu9.
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DISCUSSION
CONSTRAINING THE CONDITIONS 
AND TIMING OF METAMORPHISM
Mineral equilibria modeling
Luboya gneisses
In the Luboya migmatites, large Grt 
porphyroblasts contained within leucosomes 
and the inclusion characteristics of both the 
cores and rims of the garnets, indicate that 
partial melting in the metapelites involved 
incongruent, fl uid absent melting via the 
reaction Bt + Sill + Qtz → Grt + Crd + Kfs + 
Melt. Although there is petrographic evidence 
for two Grt generations, the textural rims on 
the garnets are volumetrically subordinate 
compared to the cores (Grt core-volume to rim-
volume ratios are typically > 3:1, e.g. Fig. 4a), 
and are therefore insuffi cient to give rise to the 
large proportion of leucosome observed in the 
metapelites. In addition, growth of the rims 
occurred exclusively where the rocks were 
penetratively deformed. Therefore, we interpret 
the cores and rims of the porphyroblasts to have 
grown during a single partial melting episode, 
the rims being intimately associated with the 
development of a high-grade fabric in the 
rocks. Signifi cant replacement of Grt by Crd 
and Bt during a period of decompression at high 
temperature, above the blocking temperature 
for Fe-Mg diffusion in Grt, likely gave rise to 
the broad diffusionally reset rims on the garnets. 
We suggest that the water required to rehydrate 
the assemblage came from crystallizing in situ 
melt (e.g. Stevens, 1997).
Equilibrium phase diagrams (pseudosections) 
constraining the stability of the peak 
metamorphic assemblage in pressure-
temperature-compositional (P-T-X) space, 
were calculated using the whole-rock bulk 
compositions of the samples (Table 4). For a 
detailed description of the mineral equilibria 
modeling method, the reader is referred to 
the online Appendix. Modeling of the peak 
assemblage Grt + Bt + Crd + Sil + Kfs + Ilm + 
Qtz + Melt, using the restitic bulk composition 
of metapelite Lu2 and a chosen bulk water 
content of 1.85 molar % H2O, constrains the 
stability of the observed assemblage to a narrow 
fi eld between 800 and 875 ºC at 5.7-7.3 kbar 
(Fig. 11a). Pressure limits for this assemblage 
are provided by the Crd-out univariant reaction 
line up pressure, the Sil-out univariant reaction 
line down pressure and up temperature, and the 
solidus down temperature (white stippled line in 
Fig. 11a). Given that in this sample, Crd enters 
the assemblage relatively late as a replacement 
of Grt and Sil, the rock must have evolved from 
a Crd absent fi eld into the Grt + Bt + Crd + Sil 
+ Kfs + Ilm + Qtz + Melt stability fi eld during 
a period of decompression at high temperature. 
Whether decompression was accompanied 
by increasing or decreasing temperature is 
diffi cult to constrain, as the likely positive dP/
dT slope on the Bt + Sil melting reaction allows 
for decompression melting of Bt, even with a 
small component of concurrent cooling. In 
order to constrain the retrograde path followed 
by the rock, Figure 5a was contoured for x(Grt) 
= Fe2+/[Fe2+ + Mg] compositional isopleths 
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and compared to measured Grt core x(g) = 
0.75, and rim x(g) = 0.79 compositions. Figure 
5a shows the x(g) = 0.75 core compositional 
isopleth intersecting the peak assemblage 
stability fi eld at ~805 ºC and 5.9 kbar. Because 
the garnets display fl at zonation profi les in their 
cores, it is assumed that they were diffusionally 
homogenized at high temperature and that their 
compositions do not faithfully record peak 
conditions, hence the intersection of the x(g) 
core isopleth with the lowest P-T domain of 
the peak assemblage stability fi eld. The x(g) = 
0.79 rim compositional isopleth intersects the 
appropriate subsolidus fi eld through which the 
rock must have cooled between 755-650 ºC and 
5.1-4.1 kbar. 
Thus, the modeled metapelite evolved along a 
clockwise P-T path with the conditions of peak 
metamorphism and anatexis constrained to 800-
875 ºC at > 5.7 kbar, followed by concurrent 
decompression and cooling to ~650 ºC and 4.1 
kbar.  
Kubuta gneisses
Petrographic evidence indicates that the 
Kubuta metagraywackes underwent high-
temperature, fl uid-absent partial melting via 
the reaction Bt + Pl + Qtz → Grt ± Opx + Kfs + 
Melt. A characteristic feature in the rocks is the 
extensive replacement of peritectic Grt by Bt + 
Pl +Qtz. This is a typical feature in rocks which 
underwent concurrent decompression and 
cooling, with the water required to retrogress the 
assemblage derived from crystallizing in situ 
melts, i.e. crystallization-hydration reactions 
(Stevens, 1997). As in the Luboya metapelites, 
decompression at temperatures high enough to 
allow signifi cant major element diffusion, may 
explain the broad 100-200μm retrograde rims 
on the garnets.
Mineral equilibria modeling of the peak 
assemblage Grt + Bt + Opx + Pl + Kfs + Ilm 
+ Qtz + Melt, using the bulk composition of 
metagraywacke Kub8 (Table 4) and a chosen 
bulk-H2O content of 3 molar % H2O, indicates 
that the peak assemblage is stable across a 
Table 4 Representative bulk-rock compositions of metasediments and anatectic leucosomes from the Luboya and Kubuta  
granulites, determined via XRF analysis. b.d. = below detection 
Luboya Kubuta 
Sample Lu2 Lu6 Lu17 Lu9 Kub8 Kub23 Kub17 Kub14 
Wt% Oxide metapelite metapelite metapsammite leucosome metagraywacke metagraywacke metapelite leucosome 
SiO2 74.27 72.80 67.02 75.11 67.11 73.27 69.66 72.88 
TiO2 0.44 0.45 0.71 0.03 0.59 0.68 0.55 <0.01
Cr2O3 <0.002 <0.002 b.d. <0.002 0.09 b.d. b.d. <0.002 
Al2O3 10.48 9.56 15.93 14.24 10.33 11.40 15.82 13.99 
FeO 6.48 7.62 3.97 1.05 11.10 4.32 2.56 1.23 
MnO 0.11 0.10 0.06 0.02 0.18 0.04 0.05 0.04 
MgO 2.35 3.28 1.20 0.29 4.14 1.39 2.59 0.19 
CaO 0.09 0.15 3.57 1.70 0.90 1.39 0.97 0.99 
Na2O 0.59 0.70 3.70 4.63 0.86 3.37 2.19 2.02 
K2O 2.90 3.32 1.46 1.90 2.82 1.68 2.72 7.48 
P2O5 0.03 0.04 0.18 0.01 0.16 0.07 0.06 0.05 
LOI 1.00 0.50 0.61 0.50 0.10 0.72 1.85 0.80 
Total 99.42 99.37 98.85 99.59 99.64 98.81 99.29 99.78 
Mg# 39 43 35 33 40 36 64 22 
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narrow temperature range, from 810-885 ºC, 
but that it spans a broad pressure range from 
4.5 to ≥ 9.0 kbar (Fig. 11b). Tight temperature 
constraints are provided by the Bt-out 
univariant reaction line up temperature and 
the solidus down temperature (white stippled 
line in Fig. 11b). However, the intersection of 
measured x(Grt) = 0.75 core, z(Grt) = Ca/[Fe2+ 
+ Mg + Ca] = 0.04-0.05 core and x(Opx) = 
0.54 core compositional isopleths with the peak 
assemblage stability fi eld between 6.5-7.6 kbar 
provides tighter pressure constraints for this 
sample (diagonally shaded area, Fig. 11b). As in 
the Luboya sample, this represents a minimum 
estimate for peak pressure, if complications 
surrounding diffusional homogenization of 
the Grt are considered. Overlap between the 
measured x(g) = 0.76-0.79 rim compositions 
and the subsolidus fi eld through which the rock 
cooled provides less accurate constraints on the 
retrograde path; however a likely cooling path 
is depicted in Fig. 11b. 
Thus, modeling constrains the conditions for 
peak metamorphism and partial melting in this 
sample to 830-870 ºC,  ≥ 6.5-7.6 kbar, followed 
by decompression and cooling along a broadly 
clockwise P-T path to ~650 ºC and  4.0 kbar. 
Zircon and monazite age and trace element 
constraints
The combined zircon and monazite age data 
presented in this study indicate two dominant 
metamorphic age peaks in  the Luboya and 
Kubuta granulites at ca. 3.23-3.21 Ga and at 
ca. 3.11-3.07 Ga, with important differences 
in the age spectra of individual samples. Some 
metasedimentary samples retain evidence of 
older (ca. 3.43 Ga, ca. 3.40-3.39 Ga, ca. 3.35 
Ga and ca. 3.33 Ga) age domains in monazite 
crystals. Considering the detrital zircon record 
in the gneisses and the oldest metamorphic 
overgrowths on zircon, we suggest a 
depositional age of ca. 3.33-3.23 Ga for the 
sedimentary precursors of the gneisses; thus, 
all monazite grains older than 3.23 Ga may 
also be regarded as detrital. The preservation of 
detrital monazite through successive granulite-
grade metamorphic events is unusual because 
detrital monazite typically  breaks down 
under lower greenschist-facies conditions to 
assemblages involving apatite and LREE-rich 
silicate minerals (e.g. allanite, REE-epidote), 
and subsequently grows again under mid-
amphibolite-facies conditions at the expense 
of these minerals (e.g. Smith and Barreiro, 
1990). The preservation or destruction of 
detrital monazite appears to be controlled 
by bulk-rock composition, with preservation 
being favored by low bulk CaO and/or CaO/
Al2O3 (e.g. Spear, 2010). Detrital monazite has 
been recorded in unusually Ca-poor granulite-
facies metapelites from Mt. Stafford, Central 
Australia (Rubatto et al., 2006) and from the 
upper amphibolite- to lower granulite-facies 
Mt. Narryer supracrustal belt, Western Australia 
(Iizuka et al., 2010). Indeed, the two samples 
in this study that retain evidence of detrital 
monazite domains are also characterized by 
the lowest bulk-rock CaO contents (Kub8 = 
0.90 wt% CaO and Lu6 = 0.15 wt% CaO). 
Additional differences in the age spectra are 
intermediate monazite age populations at ca. 
3.18 Ga from a Luboya leucosome and ca. 
3.16 Ga from Kubuta metasedimentary rocks, 
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as well as much younger populations at ca. 
2.99 Ga from the same Luboya leucosome 
and a Luboya metapelite. These intermediate 
and younger ages may have recorded thermal 
episodes related to discrete magmatic events 
in northern Swaziland (Kröner et al., 1989; 
Schoene and Bowring, 2007; 2010), and during 
early Pongola Basin development (Hegner et 
al., 1994). As a last point of difference, the 
youngest monazite ages from Kubuta samples 
are typically slightly younger on average than 
corresponding metamorphic zircon ages from 
the same samples. We propose that the slight 
offset in zircon versus monazite ages may be 
the result of zircon and monazite crystallizing 
at different stages (i.e. monazite typically 
crystallizing slightly later than zircon in melt-
bearing systems) upon cooling (Kelsey et al., 
2008).
In situ dating of monazite included in peritectic 
Grt makes a convincing case for a granulite-
facies partial melting event in the Luboya-
Kubuta terrane at ca. 3.11-3.07 Ga, and the P-T 
estimates obtained from modeling the relevant 
assemblages constrains the conditions for ca. 
3.11-3.07 Ga anatexis to ~830-875 ºC and ≥ 
6.5-7.6 kbar. In all of the samples investigated, 
clear metamorphic/petrographic evidence of 
older metamorphic events appears to have been 
entirely reworked by the latter granulite event. 
This is consistent with the well-homogenized 
interiors of Grt porphyroblasts of considerable 
size. Hence the only true insight into the nature 
of the earlier ca. 3.23-3.18 Ga metamorphic 
episodes resides in the trace element character 
of the zircons and monazites of this age. In 
general, the REE patterns of zircon and monazite 
are strongly dependent on whether they grew 
in equilibrium with minerals that preferentially 
partition these elements. For instance, a large 
negative Eu anomaly is a common feature of 
zircon and monazite which grew in the presence 
of a Pl and Kfs bearing mineral assemblage (e.g. 
granulite-facies anatectic rocks of metapelitic/
quartzofeldspathic composition; Rubatto et 
al., 2001; Rubatto, 2002; Rubatto et al., 2006; 
Buick et al., 2010); and pronounced HREE 
depletion in monazite is generally attributed to 
growth in equilibrium with Grt, which strongly 
partitions HREE (e.g. Rubatto, 2002). All ca. 
3.23-3.18 Ga metamorphic zircon and monazite 
age domains are characterized by moderate to 
large negative Eu anomalies, suggesting growth 
at P-T conditions at least above the second 
Sil isograd, at temperatures where Ms breaks 
down via the reaction Ms + Pl + Qtz → Kfs + 
Sil + Melt (> ~750 ºC). In addition, most ca. 
3.23-3.18 Ga monazite displays pronounced 
HREE depletion, implying the presence of a 
signifi cant fraction of Grt in the assemblage. 
Fluid-absent melting experiments and mineral 
equilibria modeling of a typical aluminous 
metapelite composition demonstrates that, at 
temperatures > 750 ºC, pressures of at least 4-5 
kbar are required for > 2-4 volume % Grt to 
be stable in the assemblage (White et al., 2011 
and references therein). The implications of 
these interpretations are that the rocks either 
experienced minor melting during the earlier 
event, or considerable rehydration between 
successive anatectic events, in order to account 
for the general lack of preservation of earlier 
formed Grt (with the possible exception of 
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some Luboya metapelites) and the fertility of 
the rocks at 3.11-3.07 Ga.
IMPLICATIONS FOR MESOARCHAEAN 
CRUSTAL EVOLUTION
Regional setting for metamorphism
Key constraints for the Luboya-Kubuta 
gneisses, inferred from the metamorphic, 
structural, and geochronological-geochemical 
data presented in this study, can be summarized 
as follows: (1) A depositional age of ca. 3.33-
3.23 Ga is indicated for the sedimentary 
precursors of the gneisses, rendering them 
tentative age equivalents of the 3.26-3.22 Ga 
Fig Tree Group of the BGB; (2) The Luboya-
Kubuta migmatites were primarily affected by 
two high-grade metamorphic events at ca. 3.23-
3.21 Ga and ca. 3.11-3.07 Ga, with intermediate 
events recorded  at ca. 3.18 Ga and ca. 3.16 
Ga.; (3) Metamorphic conditions associated 
with ca. 3.23-3.18 Ga metamorphism is largely 
unconstrained, although REE patterns in zircon 
and monazite suggest temperatures > ~750 ºC 
and pressures > 4-5 kbar; (4) Peak temperatures 
of ~830-875 ºC and pressures of ≥ 6.5-7.6 kbar 
are indicated for the ca. 3.11-3.07 Ga granulite 
event, translating to a burial depth of 20-25 
km and a geothermal gradient of 36-44 ºC/km. 
The migmatites subsequently evolved along 
clockwise cooling paths to ~650 ºC accompanied 
by 3-4 kbar of decompression; (5) Pervasive 
solid-state deformation occurred immediately 
after peak partial melting conditions prevailed, 
and involved combined NW-SE shortening, 
intense constrictional deformation and NE-SW 
layer-parallel extension. Low-angle shearing 
and exhumation of structurally deeper layers, 
while the rocks remained hot and ductile, 
is consistent with deformation during uplift 
and cooling of the terrane. Extensional uplift 
is bracketed to the interval ca. 3.08-3.05 Ga, 
which is the inferred crystallization age of 
anatectic leucosomes.
These constraints allow us to consider the 
Luboya-Kubuta granulites within the existing 
regional framework for eastern Kaapvaal Craton 
evolution. Firstly, high-grade metamorphism in 
the Luboya-Kubuta terrane at ca. 3.23-3.21 Ga 
overlapped with subduction-accretion in the 
adjacent BGB at ca. 3.23-3.22 Ga. An extended 
period of mid- to lower-crustal melting 
followed, marked by a transition from typically 
sodic TTG, Archaean-type magmatism to 
granitic (senso stricto) magmatism. Recent 
Sm-Nd and Lu-Hf isotopic studies by Schoene 
et al. (2009) and Zeh et al. (2011) show that 
after ca. 3.23 Ga, the eastern Kaapvaal Craton 
was dominated by intense crustal recycling. 
This recycling likely began at ca. 3.23-3.21 
Ga with granodioritic Usutu magmatism in 
Swaziland (Schoene and Bowring, 2007, 2010) 
and in the southern Stolzburg terrane (Dziggel 
et al., 2005; Schoene et al., 2008; Lana et al., 
2010a) (Fig. 12). Discrete pulses of potassic 
granitic magmatism followed at 3.20 Ga (Lana 
et al., 2010a), 3.18 Ga (Kröner et al., 1989; 
Schoene and Bowring, 2010), and 3.14 Ga 
(Schoene and Bowring, 2007), culminating in 
the generation of voluminous, sheet-like GMS 
suite batholiths at ca. 3115-3100 Ma  (Fig. 12). 
As Fig. 12 demonstrates, not only did ca. 3.11-
3.07 Ga Luboya-Kubuta mid-crustal anatexis 
coincide with the fi nal phase of GMS suite 
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Figure 12. Schematic map of the eastern Kaapvaal Craton and complementary histogram summarizing zircon and mona-
zite ages from this study. The histogram shows dominant metamorphic age peaks for the Luboya and Kubuta gneisses at 
ca. 3.23-3.21 Ga and at ca. 3.11-3.07 Ga, with intermediate peaks at ca. 3.18 Ga and ca. 3.16 Ga. These metamorphic ages 
overlap with BGB-D2 subduction-accretion events, and episodes of crustal differentiation which coincided with early- to 
late-BGB D3 deformation. The diagram in the top right-hand corner shows likely (red stippled area) and calculated (solid 
red areas) P-T conditions in the Luboya-Kubuta terrane during ca. 3.23-3.18 Ga and ca. 3.11-3.07 Ga metamorphism. 
Symbols match those in Fig. 1.
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emplacement at ca. 3.11-3.10 Ga, virtually 
every pulse of granitic magmatism on the 
Craton prior to this is immediately preceded, 
or coincident with a spike in metamorphic ages 
from the Luboya-Kubuta granulite terrane. 
This apparent mirroring of thermal pulses 
indicates protracted, episodic heating of the 
southeastern Kaapvaal Craton following ca. 
3.23 Ga orogeny, and that the Luboya-Kubuta 
granulites represent the response of the mid-
crust to a large-scale anatectic episode towards 
the end of this heating phase.
In addition, fabric development in the Luboya-
Kubuta terrane at ca. 3.11-3.07 Ga leads to a 
number of important observations. The NE-
SW alignment of post peak-metamorphic 
deformation structures in the migmatites are 
coaxial with the orientation of magmatic and 
solid-state compressional fabrics recorded in 
the 3.28-3.22 Ga Usutu Suite and Nhlangano 
gneisses in Swaziland (Schoene and Bowring, 
2010), as well as the main NE-SW trending 
structural grain of the BGB which formed in 
response to orogeny between 3.23 and 3.10 
Ga. Strain in the migmatites also mirrors the 
overall NW-SE, subhorizontal shortening and 
concomitant NE-SW orogen-parallel extension 
exhibited by the later ca. 3.14-3.10 Ga GMS 
suite plutons (Westraat et al., 2005; Belcher and 
Kisters, 2006a). Thus it agrees strongly with 
early- to late-D3 deformation recorded in and 
around the BGB, i.e. episodes of convergence 
documented between 3227-3084 Ma (De 
Ronde and De Wit, 1994). Post-anatectic 
constriction, orogen-parallel stretching and 
low angle extensional shearing progressively 
exhumed the granulites, which we interpret 
to be consistent with the horizontal fl ow of 
soft, partially molten layers in the mid-crust 
subjected to overthickening and convergence 
(e.g. Chardon, 2011). 
A geodynamic model for Mesoarchaean 
orogeny along the SE margin of the proto-
Kaapvaal Craton
Although Schoene and Bowring (2010) evoke 
a doubly-vergent subduction zone to account 
for coeval ca. 3.33-3.23 Ga magmatism and 
deformation north and south of the BGB, the 
authors note that this interpretation of the 
subduction geometry is not unique. Given the 
geochronological and metamorphic evidence 
presented here, the following points need to 
be considered: (1) Deposition of the Luboya-
Kubuta sediments is constrained to a period 
consistent with basin closure, prior to burial 
and high-temperature metamorphism of the 
rocks at ca. 3.23-3.18 Ga; demonstrating 
that the sediments are close analogues to the 
Fig Tree Group in the BGB. (2) The far-fi eld 
stresses driving plate convergence at ca. 3.23 
Ga persisted long after the main D2 collisional 
events recorded in Barberton, with the regional 
stress-fi eld (NW-SE shortening and NE-SW 
extension) having remained coaxial on the 
Craton from 3.23 to 3.07 Ga (e.g. De Ronde 
and De Wit, 1994; Westraat et al., 2005; Belcher 
and Kisters, 2006a; this study). (3) Importantly, 
the Luboya-Kubuta granulites evolved along 
clockwise P–T paths at ca. 3.11-3.07 Ga, 
similar to paths documented for metamorphism 
in modern collisional orogens. Hence, we 
suggest that the best way of reconciling all 
of these features with Mesoarchaean terrane 
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assembly in Barberton would be via a second 
NW-dipping subduction zone located south 
of the Luboya-Kubuta and Usutu-Nhlangano 
gneiss terrane. 
In such a model, ca. 3.30-3.23 Ga ocean basin 
closure and northwestward subduction both 
north and south of the AGC, resulted in deposition 
of the Luboya-Kubuta sediments and the Fig 
Tree Group in a for-arc environment (Fig. 13a). 
Convergence led to collision of the respective 
BGB and AGC crustal fragments at ca. 3.23 
Ga, including accretion of an exotic terrane 
from the south that resulted in burial and ca. 
3.23-3.21 Ga high-temperature metamorphism 
of the Luboya-Kubuta migmatites in the 
vicinity of the Usutu magmatic arc (Fig. 13b). 
We suggest that shortly after (at 3.18-3.16 
ca. 3300-3230 Ma subduction
ca. 3230-3210 Ma collision
ca. 3180/3160(?)-3070 Ma renewed subduction
ca. 3.66 Ga Ancient 
Gneiss Complexca. 3.50-3.45 Ga 
Stolzburg Terrane
?
ca. 3.3 Ga Northern Barberton Terrane
?
Fig Tree Group
deposition
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Figure 13. Schematic diagram illustrating the 3.30-3.07 Ga tectonic evolution of the southeastern Kaapvaal Craton. (a) Two 
northwestward dipping subduction zones at ca. 3.30-3.23 Ga led to ocean basin closure north and south of the AGC, genera-
tion of the Badplaas and Nhlangano Gneisses and deposition of the Fig Tree and Luboya-Kubuta sediments. (b) ca. 3.23 Ga 
tectonic accretion of the respective BGB and AGC terranes, including an exotic terrane from the south, corresponded with 
high-pressure low-temperature metamorphism in Barberton during partial subduction of the southern Stolzburg Terrane, and 
burial and high-temperature metamorphism in the Luboya-Kubuta terrane at ca. 3.23-3.21 Ga. (c) After ca. 3.20 Ga (ca. 3.18-
3.16 Ga),  northwestward subduction beneath the AGC resumed, resulting in renewed NW-SE compression and steepening of 
regional structures (i.e. BGB-D3), accompanied by extensive melting of the orogenically thickened crust.
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Ga?), subduction resumed via migration of the 
subduction zone outboard, leading to renewed 
NW-SE convergence and extensive melting 
of the orogenically thickened crust (Fig. 13c). 
The deep burial of K-rich sediments and 
volcanic arc sequences at ca. 3.23 Ga would 
not only have added the necessary fertility 
for subsequent differentiation to the deep 
crust (Clemens et al., 2010), but would also 
have promoted incubational heating through 
protracted radiogenic decay. This, combined 
with advective heating above the mantle wedge, 
likely gave rise to the major episodes of mid- 
to lower-crustal melting on the Craton between 
3.23 and 3.10 Ga. In this model, granulite-facies 
metamorphism in the Luboya-Kubuta terrane 
and convergence documented throughout the 
Mesoarchaean, took place along an active, 
proto-continental margin. Thus, the high-grade 
gneisses from the AGC provide insight into the 
mid- to lower-crustal response to what appears 
to have been a protracted, Mid-Archaean 
accretionary orogenic event. In a somewhat 
analogous way, modern Phanerozoic orogens 
rarely entail a simple, single-stage collision, 
but rather extended periods of convergence 
punctuated by episodes of collision and 
accretion involving major lithospheric plates 
and minor plate fragments and arcs (e.g. the 
Alpine and Himalayan Orogenies, O’Brien, 
2001).
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In this thesis I have documented the anatectic history of polymetamorphosed, metasedimentary 
granulites from the Ancient Gneiss Complex (AGC) in Swaziland. The granulites, which record 
three distinct high-grade metamorphic events, provide resolution on the Meso- to Neoarchaean 
evolution of the AGC and southeastern Kaapvaal Craton crust. The results and conclusions drawn 
from this work, presented in Chapter 2 and Chapter 4, can be summarised as follows: 
(i) Combined SHRIMP and LA-ICP-MS U-Pb dating of zircon and monazite from 
metasediments and anatectic leucosomes has proved key to unravelling the 
polymetamorphic history of the granulites. SHRIMP spot analyses of zircons crystallised 
from a Mkhondo Valley Metamorphic Suite (MVMS) leucosome produce a precise 
weighted mean 207Pb/206Pb age of 2729.6 ± 4.9 Ma for the peak of metamorphism. This is 
similar to the zircon evaporation age determined by Condie et al. (1996) for the age of 
metamorphism in these rocks. The apparent lack of inheritance in the zircon grains, 
however, prevents the depositional age of the MVMS from being determined. In contrast, 
zircon and monazite LA-ICP-MS U-Pb age data produced from the Luboya and Kubuta 
outcrops define a broad spread in metamorphic ages for these rocks. Peaks in metamorphic 
ages occur at ca. 3.23-3.21 Ga and ca. 3.11-3.07 Ga, with intermediate and younger age 
peaks at ca. 3.18 Ga, ca. 3.16 Ga and 2.99 Ga. Detrital zircon ages of ca. 3.51 and ca. 3.33 
Ga suggest a depositional age of 3.33-3.23 Ga for the sedimentary precursors of the Luboya 
and Kubuta gneisses. The youngest monazites included in peritectic garnets constrain the 
most recent granulite-facies partial melting event in the Luboya and Kubuta terrane to ca. 
3.11-3.07 Ga. 
(ii) The application of pseudosection modelling constrains the conditions for 2.73 Ga 
metamorphism and anatexis in pelitic gneisses from the MVMS to 830-855 ºC and 4.4-6.4 
kbar, followed by near isobaric cooling to 680 °C and ~3.9 kbar. In contrast, ca. 3.11-3.07 
Ga peak metamorphism of the Luboya-Kubuta granulites is constrained to 830-875 ºC at ≥ 
6.5-7.6 kbar, hence anatexis took place at significantly higher pressures than in the MVMS. 
Additionally, this was followed by a period of high-temperature decompression and 
clockwise cooling to ~650 ºC and 4.0 kbar. Post-peak anatectic deformation fabrics and 
constrictional strains indicate orogen-parallel extrusion of the Luboya-Kubuta migmatites, 
consistent with exhumation via lateral constriction flow (LCF) of hot, overthickened crust. 
Clear petrographic evidence of older metamorphic episodes in the Luboya-Kubuta terrane 
appears to have been entirely reworked by the most recent granulite-facies event. However,  
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the REE patterns of ca. 3.23-3.18 Ga aged zircon and monazite grains suggests that they 
grew in the presence of a garnet + K-feldspar bearing mineral assemblage, therefore at 
temperatures > ~750 ºC and pressures of at least 4-5 kbar in a pelitic bulk-composition of 
this kind.  
(iii) The high-temperature anatectic events recorded by both the MVMS and Luboya-Kubuta 
granulites were coeval with regional tectono-magmatic events on the Kaapvaal Craton 
during the Meso- to Neoarchaean. Firstly, sedimentation in the Luboya-Kubuta terrane, 
followed by burial and high-grade metamorphism at ca. 3.23-3.21 Ga, coincided precisely 
with D2 terrane assembly in Barberton. I reconcile these events by suggesting a second NW-
dipping subduction zone located south of the Luboya-Kubuta and Usutu-Nhlangano gneiss 
terrane. In this model, northwestward convergence both north and south of the AGC led to 
the collision of the respective BGB and AGC crustal fragments at ca. 3.23 Ga, including, 
perhaps, accretion of an exotic terrane from the south. This resulted in burial and partial 
melting of the Luboya-Kubuta sediments in the vicinity of the Usutu magmatic arc. 
Protracted heating of the mid- to lower-crust followed, which manifested as discrete pulses 
of calc-alkaline granitic magmatism on the Craton between ca. 3.23 and 3.10 Ga, and 
culminated in granulite-facies anatexis in the Luboya-Kubuta terrane at ca. 3.11-3.07 Ga. I 
propose that, following collision at ca. 3.23 Ga, subduction along the SE margin of the 
Craton resumed via migration of the subduction zone outboard, leading to renewed NW-SE 
convergence and extensive melting of the orogenically thickened crust, through a 
combination of incubational heating and advective heating by the mantle. Approximately 
370 Ma later, mid- to shallow-crustal partial melting of the MVMS sediments immediately 
preceded the formation of one of Earth’s largest continental flood basalt provinces, the ca. 
2.71 Ga Ventersdorp LIP (Armstrong et al., 1991), and coincided with widespread 
intracratonic granitic magmatism at the end of the Neoarchaean. This is interpreted to reflect 
heating of the Kaapvaal Craton during a possible, global ca. 2.7 Ga mantle plume event 
(Nelson, 1998; Condie, 1998, 2001a).  
 
A second contribution of this work, presented in Chapter 3, includes a detailed investigation of the 
partial melting process in the MVMS metapelites, with important implications for S-type granite 
chemistry on Earth during both Archaean and post-Archaean times. This was done by documenting 
physical controls on the selective entrainment of peritectic garnet in the magma during incongruent 
melting of biotite in a typical pelitic source. Key insights into this process are as follows: 
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(i) Several factors enhance the capacity of peritectic garnet to become selectively entrained in 
the melt, and to be transported along narrow conduits through the crust to form high-level 
plutons. Under circumstances where partial melting is particularly rapid (as it appears to 
have been in the MVMS), tiny (0.1-1.0 mm) poikiloblastic garnets are generated at the sites 
of biotite breakdown. These garnets are extremely mobile in the melt, as their small grain-
size maximises their surface area contact with the melt, and allows them to move through 
restricted spaces. In addition, their inclusion-rich character (mainly quartz + melt inclusions) 
lowers the effective density of the garnets, thereby minimizing the potential for gravitational 
separation from the magma. 
(ii) The work documents the textural and chemical evolution of these entrained garnets as they 
migrate from source layers, to small-scale melt segregation structures (leucosomes), to 
larger bodies of magma. The peritectic garnets produced in the source are initially out of 
trace-element equilibrium with the source rock and the melt. Once they become entrained in 
the magma, the garnets rapidly loose their tell-tale peritectic character by evolving into 
coarse-grained, euhedral, inclusion-free and hence ‘magmatic’ appearing grains. This 
mainly occurs via two related processes. Firstly, garnet crystals brought together by flow in 
the magma physically ‘amalgamate’, i.e. compound crystals form as a result of the fusion of 
several smaller grains. This process is facilitated by dissolution-precipitation driven 
recrystallisation of the garnet, arising from the relative low solubility of FeO + MgO in the 
melt. Only once the peritectic garnets have completely recrystallised and evolved in this 
way, can trace element equilibrium between the garnet and the magma be achieved. 
(iii) In conclusion, the ‘restite entrainment model’ of Chappell and White (1974), which invokes 
mobilisation of a whole-rock, diatexitic source is not a viable mechanism for S-type magma 
generation in the MVMS. Instead, the MVMS migmatites emphasise the potential for the 
selective entrainment of only the solid peritectic products of the incongruent melting 
reaction, and efficient segregation of peraluminous, more mafic S-type magmas in 
aluminous sources where metatexitic conditions were maintained.  
 
The primary results of the work conducted during my PhD therefore highlight the complexity in the 
anatectic history of the granulites from south-central Swaziland. Importantly, the metamorphism 
overlapped with key events that led to the formation of an early, stable continental nucleus: i.e. 
terrane assembly at ca. 3.23-3.21 Ga, consolidation of the Craton ca. 3.23-3.10 Ga, and mid-crustal 
differentiation at ca. 3.11-3.07 Ga and at ca. 2.73 Ga. These results are consistent with Sm-Nd and  
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Lu-Hf isotope studies of 3.66-2.73 Ga plutonic rocks from the AGC (e.g. Schoene et al., 2009; Zeh 
et al., 2011), which define crustal evolution trends that indicate an increased importance of crustal 
recycling with time. The partial melting of sediments, such as those described here, is central to this 
mechanism of crustal recycling. For melting to take place at realistically attainable temperatures in 
the Earth’s crust (i.e. at < 900 ºC), it is essential that excess H2O, or more commonly H2O trapped 
in hydrous phases like hornblende, biotite or muscovite, is available during melting. Hence, 
aluminous sediments with a high mica content are regarded as some of the most fertile sources for 
granitic magma production in the 800-900 ºC temperature range. Orogenic events produce such 
sources at depth and generate the temperatures needed to drive crustal differentiation. This is seen 
in modern convergent margin settings, where sediments deposited at surface are readily buried to 
appropriate depths for anatexis to take place (e.g. the Himalaya, Damara and Caledonian 
Orogenies).  
 
The present data presented in this thesis demonstrate that the Meso- to Neoarchaean anatectic 
events were in many ways akin to Phanerozoic scenarios for crustal differentiation. In line with 
existing magmatic, structural and metamorphic constraints for the BGB and AGC (e.g. De Ronde 
and De Wit, 1994; Kamo and Davis, 1994; Dziggel et al., 2002; Kisters et al., 2003; Diener et al., 
2005; Moyen et al., 2006; Schoene and Bowring, 2010; Lana et al., 2010b), the data is in support of 
convergent plate-boundary processes to have been the main driver for the deposition, and rapid 
burial of fore-arc basin sediments to 20-25 km crustal depths, during terrane accretion at ca. 3.23 
Ga. Radiogenic heating of the orogenically thickened crust, and continued subduction-driven 
convergence along an active plate margin, led to protracted heating of these sediments and major 
mid- to lower crustal differentiation between ca. 3.23 and 3.07 Ga. The long-lived, coaxial nature of 
the NW-SE shortening, combined with protracted crustal melting and calc-alkaline granitoid 
magmatism in the southeastern domain of the Craton is, as a first approximation, reminiscent of an 
Andean-style accretionary margin. In such a setting, extended periods of subduction-convergence 
are punctuated by short regional orogenic events (terrane accretion), with strain concentrated into 
zones of mechanical and thermal weakness such as the back-arc and magmatic arc region (i.e. the 
GMS suite and Luboya-Kubuta migmatite zone). Perhaps due to the early onset of subduction-
accretion processes in the eastern domain of the Craton, highly fertile supracrustal material (such as 
the Theespruit Formation of the Onverwacht Group, the Fig Tree Group and the Luboya-Kubuta 
metasedimentary successions), and hence the most appropriate sources for subsequent crustal 
differentiation, were added to the mid- to lower-crust relatively early on in the evolution of the 
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Craton. This is corroborated by the findings of Clemens et al. (2010) suggesting that the most likely 
source rocks for the ca. 3.10 Ga Heerenveen Batholith were K-enriched, felsic to intermediate meta-
volcanics and/or Al-poor greywackes, a rock association typical of continental arcs. As suggested 
by these authors, it therefore seems plausible that significant proportions of the mid- to lower crust 
in the southeastern region of the Craton was comprised of supracrustal, arc-like complexes, buried 
during the main ca. 3.23 Ga terrane accretion event.  
 
The various stratigraphic, and tectono-metamorphic features associated with the D2 events in 
Barberton have alternatively been attributed by some (e.g. Van Kranendonk et al., 2009), to partial 
convective overturn of the crust at 3.23 Ga, without the need for subduction-accretion processes. 
This is proposed to have given rise to the ‘dome-and-keel’ geometry of the belt, common to many 
Archaean terranes (Hamilton, 1998; Bédard, 2006). However, there is no obvious evidence for a 
‘dome-and-keel’ crustal architecture in the granulite terrane south of Barberton described in this 
study. Both the 3.23 Ga magmatic rocks from the AGC and the younger GMS suite granites record 
unidirectional fabric elements and were actively emplaced into the mid- to upper crust, and hence 
do not represent remobilized lower-crust (Belcher and Kisters, 2006a; Schoene and Bowring, 2010). 
There is also no evidence for steep, downdip stretching and subvertically lineated deformation 
fabrics in the Luboya-Kubuta gneisses, either of 3.1 Ga age or older, which would indicate sinking 
of supracrustal rocks between rising granite domes. Therefore, my data is directly at odds with such 
a crustal overturn model.  
 
Nearly 400 Ma later, the MVMS (situated at a crustal depth of about 12-15 km at the time) 
experienced a distinct high-grade anatectic event at ca. 2.73 Ga. This was associated with an 
elevated geothermal gradient of ~45-65 ºC/km, which necessitates substantial addition of mantle 
heat to the crust through magmatic intra/underplating. The tholeiitic lavas of the Ventersdorp 
Supergroup, erupted during flood basalt volcanism on the Craton at ca. 2.71 Ga, offers direct 
evidence of the existence of a mantle-derived heat source accompanying metamorphism in the 
Mkhondo terrane. Melting in the mantle may have been related to mantle pluming during one of 
Earth’s first supercontinent cycles. The fact that the MVMS and Luboya-Kubuta granulites display 
such a contrast in metamorphic ages, yet occur within a < 20 km radius of each other, is somewhat 
unusual. One plausible explanation may be that the MVMS represents a much younger, ‘Pongola-
aged’ sedimentary succession. This could account for the apparent lack of existence of a major, 
regional crustal break between the MVMS and Luboya-Kubuta metamorphic terranes, which would  
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have been required for the large amount of relative vertical displacement during differential burial 
and exhumation of the two terranes. Assuming that the Luboya-Kubuta migmatites were exhumed 
to ~4 kbar following peak metamorphism during the Mesoarchaean, the Luboya-Kubuta and 
MVMS gneisses were likely situated at more-or-less the same crustal level during the Neoarchaean 
high-grade event. However, the Luboya-Kubuta gneisses would by this time have experienced 
multiple episodes of granulite-facies metamorphism and partial melting, and would possibly have 
been left too restitic to act as fertile sources during subsequent anatexis at ca. 2.73 Ga. 
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APPENDIX 1: Analytical techniques and detailed geochronological 
interpretation associated with Chapter 4 
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1. Analytical techniques 
 
Bulk-rock geochemistry 
 
Samples were crushed to a fine powder using a jaw crusher and tungsten swing mill at the 
Department of Earth Sciences, Stellenbosch University, South Africa. Whole-rock compositions 
were determined at Acme Analytical Laboratories in Vancouver, Canada, following a Lithium 
metaborate/tetraborate fusion and dilute nitric digestion on 0.2g of powdered rock. Major oxide 
abundances were determined by Inductively Coupled Plasma (ICP)-emission spectrometry. Loss on 
ignition (LOI) is by weight difference after ignition at 1000°C. For each element analyzed, the 
reproducibility of replicate analyses and the deviation from the certified values of the secondary 
standards are less than 5% relative.  
 
Mineral chemistry 
 
Major element mineral compositions were analyzed using a Leo® 1430VP Scanning Electron 
Microscope at the Department of Earth Sciences, Stellenbosch University, South Africa. Textures 
were studied in backscattered electron (BSE) mode and mineral compositions quantified by EDX 
(Energy Dispersive X-ray) analysis using an Oxford Instruments ® 133 KeV ED X-ray detector and 
Oxford INCA software. Beam conditions during the quantitative analyses were 20 KV accelerating 
voltage and 1.5 nA probe current, with a working distance of 13mm and a specimen beam current 
of −4.0 nA. X-ray counts were typically ~7000 cps, and the counting time was 50s live-time. 
Analyses were quantified using natural mineral standards, and mineral chemical compositions were 
recalculated to mineral stoichiometries to obtain resultant mineral structural formulae. Comparisons 
between measured and accepted compositions of control standards within this laboratory, as a 
reflection of the accuracy of the analytical technique, have been published by Diener et al. (2005) 
and Moyen et al. (2006).  
 
Zircon and monazite trace element compositions were analyzed via laser ablation-inductively-
coupled-mass spectrometry (LA-ICP-MS) using an Agilent 7500ce quadrupole ICP-MS coupled to 
a 213 nm New Wave laser at the Department of Earth Sciences, Stellenbosch University, South 
Africa. Ablations occurred in a He carrier gas, and the resulting aerosol was mixed with Ar prior to 
introduction into the ICP-MS via a signal-smoothing manifold. Zircon and monazite analyses were  
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performed on mineral separates mounted in epoxy. Zircon was ablated using a 20μm diameter spot 
size at a fluence of ~7.8 J/cm2 and a repetition rate of 5Hz. Monazite was ablated using a 12μm 
diameter spot size at a fluence of ~4.0-4.5 J/cm2 and a repetition rate of 4Hz. Data was acquired in 
time resolved mode which allowed potential contamination from mineral inclusions or fractures to 
be identified and excluded from the analysis. NIST-612 glass (Pearce et al., 1997) was used as the 
external standard and stoichiometric SiO2 (zircon), and CeO2 (monazite) contents were used as 
internal standards. Accuracy and reproducibility of multiple analyses was established from the 
analysis of the secondary standards BHVO 2G and BCR-2G (USGS natural basaltic glass 
standards). Results were better than 5% relative for most elements. Data was processed using the 
Glitter software package (Van Achterbergh et al., 2001) and absolute values in ppm, as well as 
chondrite-normalized trace element values, are reported (Taylor and McLennan, 1985). 
 
LA-ICP-MS U-Pb geochronology 
 
Mineral separates were extracted from 2-5kg rock samples using a panning table, a Frantz 
isodynamic separator and heavy liquids at the Dept of Earth Sciences Stellenbosch University. 
Zircon and monazite concentrates were subsequently handpicked, mounted in epoxy, and polished 
to half their thickness. Transmitted and reflected light microphotography, and SEM (scanning 
electron microscope; LEO 1450VP) cathodoluminescence (CL; zircon) and back-scattered electron 
(BSE; monazite) imaging were used to investigate internal structures. Zircon and monazite U–Pb 
dating was performed using the Stellenbosch University LA-ICP-MS (see above). A small volume 
sample cell was employed (Horstwood et al., 2003). Integration times for U/Pb age determinations 
were 15 ms for 206Pb, 40 ms for 207Pb, and 10 ms for 29Si (zircon only), 140Ce (monazite only), 
208Pb, 204Pb, 232Th and 238U. The respective isotopic ratios were displayed in time-resolved mode. 
The first 5-10s of each analysis was discarded, and from the remainder of each analysis the 
integration window was chosen so as to maximize its concordance (Jackson et al., 2004). The data 
were not corrected for common Pb because of an interference of 204Hg on 204Pb. Instead, 204Pb was 
measured so as to exclude analyses with abnormal concentrations of common Pb. Initial data 
reduction was performed by the Glitter software package (Van Achterbergh et al., 2001) to calculate 
the relevant isotopic ratios (207Pb/206Pb, 208Pb/206Pb, 208Pb/232Th, 206Pb/238U and 207Pb/235U). 235U 
was calculated from 238U counts via the natural abundance ratio 235U = 238U/137.88 (Jackson et al., 
2004). Errors propagated by the software assume a 1% uncertainty on the age of the standard. The 
U-Pb data were plotted on Concordia diagrams via the software Isoplot (Ludwig, 2000). For  
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detailed information on the long-term reproducibility of U/Pb ages of zircon secondary standards 
using the Stellenbosch LA-ICP-MS, the reader is referred to Lana et al. (2011).  
 
Zircon analyses were performed using a 30µm diameter spot size at a fluence of ~10 J/cm2 and a 
repetition rate of 10Hz. Instrumental drift was corrected against the primary zircon standard GJ-1 
(weighted mean 207Pb/206Pb age = 609 ± 0.4 Ma, Jackson et al., 2004) using linear interpolative fits. 
Ablation depth-dependent elemental fractionation was corrected for by tying the integration 
window for the unknown zircon to the identical integration window of the standard (Jackson et al., 
2004). Calibrations were based on 8 analyses of unknowns bracketed between 2 analyses of the 
primary standard (GJ-1), 2 analyses of a secondary standard (Plesoviče, weighted mean TIMS 
206Pb/238U age = 337 ± 0.37 Ma, Sláma et al., 2008), and a trace element standard NIST-612 glass 
(Pearce et al., 1997). Uncertainties reported for individual analyses (ratios and ages) are at the 1σ 
level (Supplementary Table A1). Calculated weighted mean, upper intercept, or Concordia ages are 
reported at the 95% confidence level (Table 3, Fig. 8 & 9). Samples and standards were analyzed 
over multiple analytical sessions. Over the duration of this study the weighted mean 207Pb/206Pb 
normalization age for the GJ-1 primary standard varied between 608 ± 11 Ma [n = 25, 95% c.l., 
MSWD = 0.27] and 609 ± 9 Ma [n = 12, 95% c.l., MSWD = 0.41], while the weighted mean 
206Pb/238U age of the secondary standard Plesoviče zircon varied between 337.6 ± 1.8 Ma [n = 18, 
95% c.l., MSWD = 0.46] and 346.2 ± 2.5 Ma [n = 7, 95% c.l., MSWD = 0.54] (Supplementary 
Table B1). 
 
Monazite analyses were performed using a 20µm diameter spot size at a fluence of ~ 2.5-3.9 J/cm2 
and a repetition rate of 4Hz. Instrumental drift was corrected against the primary Thompson Mine 
monazite standard (ID-TIMS weighted mean 207Pb/206Pb age = 1766 Ma , Williams et al., 1996) 
using linear interpolative fits. Ablation depth-dependent elemental fractionation was corrected, as 
for zircon (Jackson et al., 2004). Calibrations were based on 8-10 analyses of unknowns bracketed 
between 2 analyses of the primary Thompson Mine monazite standard, one to two secondary 
monazite standards (RGL4B, SHRIMP weighted mean 207Pb/206Pb age = 1562 ± 4 Ma, Rubatto et 
al., 2001; monazite 44069, ID-TIMS weighted mean 206Pb/238U age = 425 ± 0.4 Ma, Aleinikoff et 
al., 2006), as well as a trace element standard NIST-612 glass (Pearce et al., 1997). Uncertainties 
reported for individual analyses (ratios and ages) are at the 1σ level (Supplementary Table A2). 
Calculated weighted mean ages are reported at the 95% confidence level (Table 3, Fig. 8 & 9). 
Samples and standards were analyzed over multiple analytical sessions. Over the duration of this  
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study the weighted mean 207Pb/206Pb normalization age for the Thompson Mine primary standard 
varied between 1758 ± 8 Ma [n = 19, 95% c.l., MSWD = 0.42] and 1767 ± 9 Ma [n = 18, 95% c.l., 
MSWD = 0.13]; and the weighted mean 207Pb/206Pb age of the secondary monazite standard RGL4B 
varied between 1532 ± 24 Ma [n = 7, 95% c.l., MSWD = 1.2] and 1568 ± 17 Ma [n = 7, 95% c.l., 
MSWD = 0.17] (Supplementary Table B2). 
 
Monazite geochronology via LA-ICP-MS or ionprobe may potentially be subject to matrix effects 
related to its highly variable REE (and hence Th) content, and potentially additionally due to grain 
orientation (Stern and Berman, 2000; Kohn, 2009; Fletcher et al., 2010). Matrix effects related to 
composition and grain orientation for LA-ICP-MS geochronology appear to be greater for the 
Th/Pb than the U/Pb system (Kohn, 2009) and, in the latter case, should affect 207Pb/235U and 
206Pb/238U ages but not 207Pb/206Pb ages. In this study we used the 1766 Ma Thompson Mine 
monazite (Williams et al., 1996) as the primary age standard. However, its Th content is highly 
variable (Th = 7-19 wt%; e.g. Buick et al., 2011), and in general significantly higher than that of 
monazite from the samples in this study (e.g. for the Luboya and Kubuta migmatites, monazite Th 
content varied between 1.0-8.3 wt%). In order to test for the significance of matrix-related effects, 
in each analytical session we analyzed a secondary standard of variable but more comparable Th 
content to the unknowns, RGL4B ( SHRIMP 207Pb/206Pb age = 1562 ± 4 Ma, Rubatto et al., 2001). 
The weighted mean 207Pb/206Pb age of RGL4B in the LA-ICP-MS sessions was always within error 
of its SHRIMP age (Supplementary Table B2). In addition, we analyzed the much lower Th USGS 
monazite standard 44609 (1.3-5.0 wt%; Aleinikoff et al., 2006; Buick et al., 2011), in addition to 
Thompson Mine monazite and RGL4B for a couple of the samples. In these cases we calculated the 
age of the monazite first using Thompson Mine and then USGS monazite 44609 as the primary age 
standard. Use of the Palaeozoic USGS monazite standard 44609 resulted in calculation of weighted 
mean 207Pb/206Pb ages of the unknowns that were identical within error to those calculated via 
Thompson Mine monazite as the standard (Supplementary Table B3). The weighted mean 
207Pb/206Pb age of Thompson Mine calculated using the USGS monazite as the standard was within 
error of its accepted age; however the data were slightly reversely discordant. Since the preferred 
age determinations for Mesoproterozoic and older monazite depend primarily on weighted mean 
207Pb/206Pb ages the use of variable but high-Th Thompson Mine as the primary age standard had no 
discernable effect on the calculated weighted mean 207Pb/206Pb ages for lower-Th monazite from the 
study area. 
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2. Detailed zircon and monazite U-Pb age interpretation 
 
Luboya and Kubuta metasediments 
 
Sample Kub23 
Zircon - This metagreywacke yielded 50-400µm, subrounded to oval shaped zircons. The grains 
display complex internal zoning, as indicated via cathodoluminescence (CL) imaging. CL-bright, 
euhedral, oscillatory zoned cores are enveloped and truncated by two distinct rim generations; an 
inner structureless domain of intermediate CL response around the cores and an outer, more 
uniform, CL-dark-grey overgrowth (Fig. 7a,b). Twenty-four spot analyses of the cores show that 
they have variable, moderate to high Th/U (Th/U = 1.14-0.29) (Table A1). All twenty-four analyses 
have 207Pb/206Pb equal within analytical error, are 100-95% concordant and yield a weighted mean 
207Pb/206Pb age of 3514 ± 12 Ma [95 % c.l., MSWD = 0.14] (Table A1, Fig. 8a). In contrast, ten 
spot analyses of the inner, and twelve spot analyses of the outer overgrowths (Fig. 7a,b) show that 
both rims are characterized by low Th/U ratios (inner rim Th/U = 0.13-0.01; outer rim Th/U = 0.07-
0.01) (Table A1). All ten analyses of the inner overgrowths with a brighter CL response have 
207Pb/206Pb equal within analytical error, are 100-96% concordant and yield a weighted mean 
207Pb/206Pb age of 3222 ± 19 Ma [95% c.l., MSWD = 0.05] (Table A1, Fig. 8a). The twelve 
analyses of the outer rims are more variably concordant (100-83% ). However, all have 207Pb/206Pb 
within analytical error, and yield a weighted mean 207Pb/206Pb age of 3098 ± 18 Ma [95% c.l., 
MSWD = 0.06]. The relationship between the CL zoning in the zircons and the Th/U ratios of the 
various CL domains lead us to interpret the cores to be of magmatic, detrital origin and both rim 
generations to be of metamorphic origin (e.g. Corfu et al., 2003; Williams and Claesson, 1987). 
Monazite – Kub23 yielded 80-200µm, amoeboid shaped, subrounded to slightly elongate 
monazite grains. Back-scattered electron (BSE) imaging shows that they are either internally 
unzoned, or display patchy zonation patterns where darker BSE domains typically occur around the 
edges of the grains, and lighter domains are concentrated in the centre of the grains (Fig. 7f). Spot 
analyses of both unzoned and zoned grains define three distinct, concordant- to near-concordant age 
populations (Table A2; Fig. 8b). Nineteen analyses of unzoned monazite and brighter BSE domains 
in the center of the grains have highly variable Th/U (21.7-2.8). However, all have 207Pb/206Pb equal 
within analytical error, are 100-98% concordant and yield a weighted mean 207Pb/206Pb age of 
3228.6 ± 7.5 Ma [95% c.l., MSWD = 0.24]. Ten analyses of unzoned grains or irregular, BSE-
bright domains in the grains have Th/U = 16.4-8.2, have 207Pb/206Pb equal within analytical error,  
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are 100-96% concordant and yield a weighted mean 207Pb/206Pb age of 3160 ± 11 Ma [95% c.l., 
MSWD = 0.12]. Fifteen analyses of unzoned grains or darker BSE domains along the edges of the 
grains have Th/U = 17.9-11.7, 207Pb/206Pb equal within analytical error, are 103-95% concordant 
and yield a weighted mean 207Pb/206Pb age of 3080 ± 8.9 Ma [95% c.l., MSWD = 0.92]. The 
inferred 207Pb/206Pb age of the oldest and youngest monazite age populations from this sample are 
therefore identical within error to corresponding metamorphic zircon rim ages from the same 
sample. In addition to dating monazite grain separates, we dated in situ monazite inclusions in 
garnet using polished rock chips mounted in epoxy, so as to provide better constraints on the age of 
garnet growth in these samples. Six out of eight spot analyses of in situ monazite inclusions have 
207Pb/206Pb equal within analytical error, are 100-96% concordant and yield a weighted mean 
207Pb/206Pb age of 3216 ± 19 Ma [95% c.l., MSWD = 0.52] (Table A2). The remaining two analyses 
obtained from a single grain inclusion are 100% concordant and give 207Pb/206Pb spot ages of 3083 
± 25 Ma and 3072 ± 22 Ma (Table A2). Therefore, the ages of in situ monazite inclusions in garnet 
are identical within error to the oldest and youngest monazite ages obtained from dating grain 
separates from this sample. There was no systematic correlation between the position of the 
monazite inclusion in the garnet and its age.   
 
Sample Kub17 
Zircon – This metapelite contains 50-400µm, prismatic, subhedral to subrounded zircon grains 
with weakly developed apical terminations. CL imaging reveals that the zircons are complexly 
zoned, with CL-light-grey to -dark, euhedral, oscillatory zoned cores truncated by bright, 
structureless overgrowths around the cores (Fig. 7c & d). Twenty-seven spot analyses of the 
oscillatory-zoned cores  have variable Th/U (0.80-0.26) (Table A1). All have the same 207Pb/206Pb 
within analytical uncertainty, are 101-95% concordant and yield a weighted mean 207Pb/206Pb age of 
3320.2 ± 7.3 Ma [95% c.l., MSWD = 0.61] (Table A1). A subset of the fourteen most concordant 
analyses produce a Concordia age of 3332.9 ± 7.6 Ma [95% c.l., MSWD = 1.00] (Fig. 8c). Thirty-
three analyses of the structureless rim overgrowths on the cores were obtained. Of these, fourteen 
analyses have 207Pb/206Pb equal within analytical error, are 99-88% concordant and were combined 
to form a population. The remaining nineteen analyses gave apparent 207Pb/206Pb spot ages ranging 
between 3150 ± 47 Ma and 2878 ± 29 Ma; however they are highly discordant and it is not apparent 
whether they lie on a Discordia segment related to the other analyses, hence they were not included 
in the age calculations. The fourteen 99-88% concordant analyses of the rims have Th/U = 0.03-
0.00, and yield a weighted mean 207Pb/206Pb age of 3092 ± 12 Ma [95% c.l., MSWD = 0.64] (Table  
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A1; Fig. 8c). Based on the CL zoning and Th/U content of the core and rim domains, we interpret 
the cores to be magmatic in origin and hence detrital, and the rims to be of metamorphic origin.  
Monazite – Kub17 contains abundant 80-200µm, rounded, oval to subhedral, elongate grains of 
monazite. They are characterized by weak, patchy zonation in BSE (Fig. 7g). This typically 
involves a brighter core domain truncated by darker domains along the edges of the grains, but 
locally this relationship is reversed. As in the metagreywacke sample Kub23, spot analyses of the 
various BSE domains define three distinct, concordant age populations (Table A2, Fig. 8d). The 
relationship between the BSE domains and 207Pb/206Pb age is not consistent, however there appears 
to be a general tendency for the BSE bright core domains to be older than the BSE intermediate to 
darker rims. Twenty-nine analyses from predominantly brighter core domains all have 207Pb/206Pb 
equal within analytical error, are 100-99% concordant, have Th/U = 28.6-17.1 and yield a weighted 
mean 207Pb/206Pb age of 3213.8 ± 6.0 Ma [95% c.l., MSWD = 0.24]. This appears to be the 
dominant monazite age population from this sample. Five analyses of intermediate to darker 
monazite domains all have 207Pb/206Pb equal within analytical error, are 100-99% concordant, have 
Th/U = 28.0-15.6 and yield a weighted mean 207Pb/206Pb age of 3161 ± 15 Ma [95% c.l., MSWD = 
0.05]. Five analyses of darker domains concentrated along the edges of the grains all have 
207Pb/206Pb equal within analytical error, are concordant, have a narrow range of Th/U (23.1-19.3) 
and yield a weighted mean 207Pb/206Pb age of 3087 ± 15 Ma [MSWD = 0.46]. The inferred 
207Pb/206Pb age of the oldest and youngest monazite age populations are therefore identical within 
error to corresponding metamorphic zircon rim ages from this sample, as well as sample Kub23. In 
addition, the three monazite age populations from this sample are identical within error to the three 
monazite age populations from Kub23. 
 
Sample Kub8 
Monazite – This metagreywacke contains 40-180µm, rounded, oval to teardrop-shaped monazite 
grains. In BSE images the grains are largely unzoned, with rare brighter, patchy domains in their 
cores (Fig. 7h). Twenty-two analyses of unzoned monazite have a wide range of Th/U (49.3-5.4), 
are 101-99% concordant, and have the same 207Pb/206Pb within analytical error. They are therefore 
interpreted to form a single age population, with a weighted mean 207Pb/206Pb age of 3091.3 ± 7.1 
Ma [95% c.l., MSWD = 0.87] (Table A2; Fig. 8e). The age of this population is equal within error 
to the  youngest monazite from samples Kub23 and Kub17. One additional grain analyzed gave a 
concordant 207Pb/206Pb spot age of 3332 ± 17 Ma, and one bright core domain in another grain gave 
a concordant 207Pb/206Pb spot age of 3223 ± 19 Ma. As in sample Kub23, we dated in situ monazite  
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inclusions in garnet in order to constrain the age of garnet growth in this sample. Seven spot 
analyses of monazite, included in the poikiloblastic core domains of the garnet and up to 100µm 
from the rim, all have 207Pb/206Pb equal within analytical error, are 101-97% concordant and yield a 
weighted mean 207Pb/206Pb age of 3110 ± 21 Ma [95% c.l., MSWD = 0.42] (Table A2, Fig. 7m). 
This age is identical within error to the age of the dominant monazite population obtained from 
grain separates from this sample, and indicates that the garnet grew at, or after ca. 3.10 Ga. 
 
Sample Lu17 
Zircon – This Grt-bearing metapsammite contains 50-300µm, subhedral prismatic or 
oval/rounded zircon grains. Two varieties of zircon can be distinguished based on morphology and 
CL zoning in the grains. Larger, prismatic zircons contain euhedral cores with moderate to weak CL 
response, with occasional, faint oscillatory zoning. Cores in these large grains are typically 
surrounded by euhedral to subhedral, faintly oscillatory-zoned to structureless rims (Fig. 7e). 
Smaller, well-rounded, structureless zircon grains are also present. Three spot analyses of euhedral, 
uniformly grey cores in three large grains have 207Pb/206Pb equal within analytical error, Th/U = 
0.37-0.33, are 96-94% concordant and yield a weighted mean 207Pb/206Pb age of 3503 ± 31 Ma 
[95% c.l., MSWD = 0.0013] (Table A1; Fig. 9a). Ten spot analyses targeting a combination of CL-
dark, euhedral zircon cores, euhedral- to subhedral oscillatory-zoned rims around these cores, or 
patchy domains in small structureless grains have same 207Pb/206Pb within analytical uncertainty, 
low Th/U (0.01-0.07), and are 101-95% concordant. They yield a weighted mean 207Pb/206Pb age of 
3225 ± 16 Ma [95% c.l., MSWD = 0.07] (Table A1; Fig. 9a). Nine analyses targeting a combination 
of rims on larger grains with ca. 3.50 Ga or 3.22 Ga cores, as well as domains in small structureless 
grains have 207Pb/206Pb equal within analytical error, low Th/U (0.02-0.04), are 100-83% 
concordant and yield a weighted mean 207Pb/206Pb age of 3108 ± 16 Ma [95% c.l., MSWD = 0.04] 
(Table A1, Fig. 9a). Based on CL zoning and Th/U ratios we interpret the rare ca. 3.5 Ga cores in 
larger prismatic grains to be magmatic, and hence detrital in origin. The ca. 3.22 Ga zircon cores, 
ca. 3.22 Ga and ca. 3.10 Ga rims on the larger grains as well as smaller, structureless grains are 
interpreted to be metamorphic in origin. Both 207Pb/206Pb ages obtained for the metamorphic zircon 
domains/grains are therefore identical within error to corresponding metamorphic zircon rim ages, 
and the oldest and youngest monazite age populations from metasediments Kub23, Kub17 and 
Kub8.  
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Sample Lu6 
Monazite –The metapelite sample Lu6 contains abundant, 100-400µm monazite with a variety of 
grain shapes that vary from elongate, subhedral/blocky, to subrounded/oval in shape. BSE imaging 
shows that the zoning in monazite from this sample is extremely complex, with as many as four 
distinct, irregular and patchy BSE domains observed (Fig. 7i). Fifty spot analyses of the various 
monazite domains define five concordant age populations (Table A2, Fig. 9b). In general, the older 
domains in composite grains are BSE dark and tend to occur in  grain  cores. The BSE brighter 
domains are younger and typically occur in the rims. Throughout the analytical session where 
monazite grain separates from sample Lu6 were dated, the trace element standard NIST-612 glass 
was not analyzed, therefore the Th/U ratios of the individual spot analyses presented in Table A2 
are not available. Subsequent trace element work on the same monazites targeting the same age 
domains in the grains has however allowed the Th/U ratios of the various age populations to be 
determined (Table 3). Three analyses from older grain domains have 207Pb/206Pb equal within 
analytical error, Th/U = 35.4-7.4, are 100% concordant and yield a weighted mean 207Pb/206Pb age 
of 3436 ± 19 Ma [95% c.l., MSWD = 0.04]. One analysis has Th/U = 36.8 and gives a concordant 
207Pb/206Pb spot age of 3395 ± 17 Ma. Three analyses have the same 207Pb/206Pb within analytical 
uncertainty, Th/U = 18.5-14.7, are 100-99% concordant and yield a weighted mean 207Pb/206Pb age 
of 3356 ± 20 Ma [95% c.l., MSWD = 0.16]. However, the majority of the U-Pb data from this 
sample define three younger monazite age populations. One population, comprised of eleven 101-
99% concordant analyses, has Th/U = 54.1-16.0 and yields a weighted mean 207Pb/206Pb age of 
3234 ± 10 Ma [95% c.l., MSWD = 0.35]. A population comprised of fourteen 100-99% concordant 
analyses has Th/U = 31.8-17.6, and yielded a weighted mean 207Pb/206Pb age of 3101.9 ± 9.2 Ma 
[95% c.l., MSWD = 0.24]. The youngest monazite age population obtained from analysing the 
brightest rim domains on some of the monazite grains consists of eighteen 100-99% concordant 
analyses with Th/U = 31.5-17.7, and yields a weighted mean 207Pb/206Pb age of 2993.8 ± 8.5 Ma 
[95% c.l., MSWD = 0.39]. As in samples Kub23 and Kub8, we performed in situ dating of 
monazite included in peritectic garnet, in order to constrain the maximum age of garnet growth in 
this sample. Five out of twelve spot analyses of in situ monazite inclusions in garnet can be grouped 
to form a 100-98% concordant population with a weighted mean 207Pb/206Pb age of 3440 ± 28 Ma 
[95% c.l., MSWD = 0.33] (Table A2). Three out of twelve spot analyses can be grouped to form a 
100-99% concordant population with a weighted mean 207Pb/206Pb age of 3402 ± 42 Ma [95% c.l., 
MSWD = 0.007] (Table A2). The latter two ages are identical within error to the oldest monazite 
ages obtained from dating grain separates from this sample. These older monazite inclusions are  
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situated ~1000µm from the garnet margin, in the core domain, and also occur as older domains in 
younger monazite inclusions situated ~250µm inboard from the garnet margin, in the inclusion-rim 
of the garnet. One out of twelve spot analyses from a younger domain in a ca. 3.40 Ga aged 
monazite gave a concordant 207Pb/206Pb spot age of 3231 ± 28 Ma. Three out of twelve spot 
analyses can be grouped to form a 100% concordant population with a weighted mean 207Pb/206Pb 
age of 3072 ± 33 Ma [95% c.l., MSWD = 0.16] (Table A2), identical within error to the ca. 3.10 Ga 
monazite age obtained from dating grain separates from this sample. The youngest monazites occur 
in the 100-400µm wide inclusion-rich, peritectic rims of the garnet porphyroblasts. In one particular 
example a 375µm long monazite was found included in the rim domain of a peritectic garnet, 
~250µm from the garnet edge (Fig. 7n & o). The monazite, together with micro-inclusions of zircon 
and ilmenite, define an internal foliation in the garnet. Dating of a lighter domain in this monazite 
gave a concordant analysis with a 207Pb/206Pb spot age of 3402  ± 28 Ma, while a darker domain 
gave a concordant analysis with a  207Pb/206Pb spot age of 3078 ± 23 Ma (these two spot analyses 
were included in the calculated weighted mean 207Pb/206Pb ca. 3.40 Ga and ca. 3.07 Ga ages 
described for the in situ inclusions above). 
 
Luboya and Kubuta anatectic leucosomes 
 
Sample Kub14 
Monazite – This Grt-bearing leucosome contains very few monazite grains. These are 80-100µm in 
size, euhedral to crescent shaped, and are unzoned  in BSE images (Fig. 7j). Fourteen spot analyses 
were performed on 8 grains. Thirteen out of the fourteen analyses have 207Pb/206Pb equal within 
analytical uncertainty, Th/U = 21.6-12.0, are 101-98% concordant and yield a weighted mean 
207Pb/206Pb age of 3082.5 ± 8.8 Ma [96% c.l., MSWD = 0.24] (Table A2; Fig. 8f). The remaining 
analysis has a concordant 207Pb/206Pb spot age of 3212 ± 16 Ma (Th/U = 14). Thus we interpret the 
weighted mean 207Pb/206Pb age of 3082.5 ± 8.8 Ma to be the best estimate of the crystallization age 
of the leucosome. This estimate is identical within error to the age of the youngest monazite 
populations dated in host gneisses from this area i.e. samples Kub23, Kub17 and Kub8.   
 
Sample Lu9 
Monazite – This Grt-bearing leucosome contains abundant 80-100µm, subrounded, oval to 
amoeboid shaped monazite grains. They are largely unzoned in BSE images or show weak, 
irregular, patchy zonation (Fig. 7k & l). Thirty-three spot analyses of unzoned monazite or darker  
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BSE domains in the cores of the grains have the same  207Pb/206Pb within analytical uncertainty. 
They show a wide range of Th/U (32.6-5.2), are 100-97% concordant and yield a weighted mean 
207Pb/206Pb age of 3188.9 ± 6.2 Ma [95% c.l., MSWD = 0.23] (Table A2; Fig. 9c). Nineteen spot 
analyses of brighter domains typically concentrated in the rims of the grains define two younger age 
populations (Table A2; Fig. 9c). Thirteen out of the nineteen analyses are 100-98% concordant, 
have Th/U = 29.0-4.9 and yield a weighted mean 207Pb/206Pb age of 3114 ± 10 Ma [95% c.l., 
MSWD = 0.74]. The remaining six analyses are 100-99% concordant, have Th/U = 23.8-10.7 and 
yield a weighted mean 207Pb/206Pb age of 3058 ± 14 Ma [95% c.l., MSWD = 0.29]. Two analyses of 
brighter rim domains have Th/U = 28.9-16.2, are 95-93% concordant and have 207Pb/206Pb spot ages 
of 2997 ± 17 Ma and 2973 ± 24 Ma (Table A2). 
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Table A1 Summary of LA-ICP-MS U-Pb zircon age data for metasediments Kub23, Kub17, and Lu17 from south-central Swaziland. Errors are 1-sigma. 
Data presented in this table are < 5% discordant. magm. = magmatic; met. = metamorphic; Disc. = discordance. 
 
206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Sample/Spot 
206Pb 
(ppm) U (ppm) 
232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ Rho 
Kub23 magm. cores                  
KUB23-1 271 96 0.29 3520 33 3514 15 3510 23 0 0.72652 0.00870 30.84560 0.46221 0.30789 0.00459 0.80 
KUB23-2 740 282 0.46 3515 39 3512 23 3511 36 0 0.72507 0.01036 30.77101 0.73073 0.30800 0.00729 0.60 
KUB23-3 292 111 0.32 3512 36 3513 17 3514 25 0 0.72411 0.00954 30.82399 0.51709 0.30868 0.00511 0.79 
KUB23-4 133 50 0.32 3512 43 3516 22 3519 34 0 0.72421 0.01145 30.89293 0.68695 0.30953 0.00698 0.71 
KUB23-5 614 233 0.37 3509 36 3515 20 3518 31 0 0.72341 0.00962 30.86706 0.62257 0.30950 0.00626 0.66 
KUB23-6 179 68 0.45 3495 38 3503 17 3509 27 0 0.71963 0.01024 30.50761 0.53807 0.30764 0.00535 0.81 
Kub23 met. rim 1                  
KUB23-7 654 245 0.01 3220 31 3218 15 3217 24 0 0.64792 0.00796 22.77875 0.34550 0.25511 0.00397 0.81 
KUB23-8 891 326 0.01 3226 34 3231 24 3235 39 0 0.64936 0.00876 23.10320 0.57212 0.25806 0.00654 0.54 
KUB23-9 767 259 0.01 3220 30 3226 18 3230 31 0 0.64801 0.00759 22.98046 0.43051 0.25720 0.00505 0.63 
KUB23-10 799 297 0.02 3220 31 3226 17 3231 28 0 0.64799 0.00784 22.97769 0.40578 0.25737 0.00467 0.69 
KUB23-11 882 328 0.01 3213 31 3219 19 3223 31 0 0.64615 0.00800 22.81536 0.43317 0.25618 0.00505 0.65 
KUB23-12 788 264 0.01 3206 30 3212 18 3216 29 0 0.64422 0.00761 22.64199 0.40833 0.25493 0.00475 0.66 
Kub23 met. rim 2                  
KUB23-13 1018 453 0.05 3106 31 3100 17 3095 27 0 0.61905 0.00783 20.16974 0.35071 0.23632 0.00400 0.73 
KUB23-14 807 331 0.02 3060 45 3083 36 3099 60 1 0.60752 0.01126 19.81737 0.73362 0.23689 0.00910 0.50 
KUB23-15 939 408 0.03 3048 29 3080 16 3102 26 1 0.60457 0.00718 19.77551 0.32808 0.23729 0.00387 0.72 
KUB23-16 980 440 0.02 3018 30 3069 18 3103 28 2 0.59697 0.00738 19.53401 0.35450 0.23741 0.00426 0.68 
KUB23-17 1118 516 0.02 3006 35 3064 20 3103 33 2 0.59406 0.00861 19.44034 0.40811 0.23747 0.00501 0.69 
KUB23-18 485 188 0.01 2936 42 3035 29 3102 49 3 0.57684 0.01024 18.86131 0.57440 0.23725 0.00736 0.58 
Kub17 magm. cores                  
KUB17-1 333 126 0.28 3357 37 3338 16 3326 23 -1 0.68332 0.00963 25.77515 0.41621 0.27354 0.00405 0.87 
KUB17-2 439 153 0.33 3348 31 3334 12 3325 17 0 0.68096 0.00808 25.66359 0.31606 0.27334 0.00303 0.96 
KUB17-3 568 214 0.38 3343 34 3331 14 3324 20 0 0.67964 0.00888 25.59854 0.36470 0.27314 0.00343 0.92 
KUB17-4 469 164 0.39 3350 31 3338 12 3332 17 0 0.68135 0.00810 25.78547 0.31929 0.27448 0.00306 0.96 
KUB17-5 254 94 0.26 3347 34 3338 14 3333 19 0 0.68064 0.00891 25.77580 0.35748 0.27468 0.00339 0.94 
KUB17-6 273 105 0.28 3336 37 3336 16 3336 22 0 0.67791 0.00952 25.71487 0.40712 0.27513 0.00395 0.89 
Kub17 met. rim1                  
KUB17-7 711 320 0.01 3093 37 3099 20 3103 32 0 0.61583 0.00938 20.15967 0.41741 0.23751 0.00474 0.74 
KUB17-8 1090 464 0.01 3051 32 3084 15 3105 21 1 0.60528 0.00800 19.84580 0.29938 0.23776 0.00320 0.88 
KUB17-9 1122 499 0.01 2944 32 3034 15 3093 22 3 0.57886 0.00773 18.83631 0.29246 0.23599 0.00329 0.86 
KUB17-10 1143 534 0.00 2859 30 2994 14 3087 20 5 0.55804 0.00726 18.08358 0.25943 0.23510 0.00303 0.91 
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206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Sample/Spot 
206Pb 
(ppm) U (ppm) 
232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ Rho 
Lu17 magm. cores                  
LU17-1 284 109 0.33 3306 31 3430 14 3503 21 4 0.67004 0.00797 28.30416 0.39427 0.30641 0.00415 0.85 
LU17-2 335 143 0.36 3273 40 3418 24 3503 37 4 0.66152 0.01039 27.95577 0.69062 0.30633 0.00749 0.64 
Lu17 met. rim 1                  
LU17-3 1140 397 0.05 3315 31 3266 13 3236 20 -1 0.67234 0.00803 23.93437 0.31570 0.25827 0.00325 0.91 
LU17-4 396 159 0.01 3227 35 3228 15 3229 22 0 0.64975 0.00905 23.02180 0.35695 0.25702 0.00358 0.90 
LU17-5 963 636 0.07 3212 33 3217 17 3221 28 0 0.64582 0.00853 22.76728 0.39898 0.25582 0.00461 0.75 
LU17-6 1072 415 0.05 3208 33 3217 15 3223 22 0 0.64479 0.00850 22.76540 0.35233 0.25618 0.00364 0.85 
LU17-7 889 664 0.03 3189 32 3204 19 3214 29 0 0.64010 0.00813 22.46855 0.43432 0.25458 0.00473 0.66 
LU17-8 384 166 0.02 3169 40 3201 20 3221 30 1 0.63502 0.01025 22.38852 0.45717 0.25581 0.00491 0.79 
Lu17 met. rim 2                  
LU17-9 931 341 0.02 3105 30 3105 14 3105 23 0 0.61883 0.00758 20.28194 0.30055 0.23774 0.00341 0.83 
LU17-10 938 338 0.04 3058 29 3086 14 3104 23 1 0.60703 0.00718 19.88409 0.28221 0.23756 0.00338 0.83 
LU17-11 988 362 0.02 3030 36 3075 18 3104 30 1 0.59999 0.00883 19.65449 0.35585 0.23762 0.00444 0.81 
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Table A2 Summary of LA-ICP-MS U-Pb monazite age data for metasediments Kub23, Kub17, Kub8, and Lu6 and anatectic leucosomes Kub14 and Lu9 
from south-central Swaziland. Errors are 1-sigma. Data presented are ≤ 5% discordant. Disc. = discordance. Incl. = inclusion. n.a. = not analysed. 
 
206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Rho Sample/Spot 206Pb (ppm) U (ppm) 232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ  
Kub23                  
KUB23 -1 3993 1630 9.7 3213 35 3220 13 3225 16 0 0.64610 0.00895 22.83972 0.31482 0.25643 0.00259 1.00 
KUB23 -2 3477 1425 10.7 3200 35 3207 14 3212 17 0 0.64278 0.00897 22.53890 0.31500 0.25439 0.00268 1.00 
KUB23 -3 3084 1224 14.5 3207 36 3217 14 3223 18 0 0.64448 0.00912 22.75401 0.32626 0.25615 0.00287 0.99 
KUB23 -4 2133 881 21.7 3204 36 3215 14 3222 18 0 0.64372 0.00920 22.70876 0.32704 0.25591 0.00285 0.99 
KUB23 -5 3686 1483 12.5 3201 37 3215 14 3225 18 0 0.64312 0.00936 22.72272 0.33605 0.25636 0.00293 0.98 
KUB23 -6 3230 1338 12.8 3203 35 3218 14 3228 16 0 0.64363 0.00897 22.79225 0.31669 0.25688 0.00264 1.00 
Incl. in Grt 7174 3390 5.1 3197 38 3196 17 3196 24 0 0.64190 0.00973 22.27485 0.37702 0.25174 0.00387 0.90 
Incl. in Grt 7414 3416 3.4 3185 38 3196 16 3203 24 0 0.63898 0.00976 22.27684 0.37387 0.25287 0.00384 0.91 
Incl. in Grt 3928 1878 9.6 3168 37 3192 16 3208 23 1 0.63473 0.00945 22.19536 0.36439 0.25362 0.00379 0.91 
Incl. in Grt 4280 2101 9.4 3097 39 3172 18 3220 27 2 0.61687 0.00973 21.73049 0.39116 0.25563 0.00434 0.88 
Incl. in Grt 4409 2165 10.3 3070 36 3167 16 3229 23 3 0.60989 0.00902 21.61823 0.34772 0.25712 0.00371 0.92 
Incl. in Grt 4699 2335 8.3 3061 38 3171 17 3243 26 4 0.60765 0.00950 21.71568 0.38513 0.25937 0.00430 0.88 
                  
KUB23 -7 2945 1197 13.2 3160 35 3159 14 3159 17 0 0.63272 0.00896 21.44633 0.30579 0.24591 0.00270 0.99 
KUB23 -8 3734 1516 12.6 3151 35 3151 14 3151 18 0 0.63034 0.00885 21.25990 0.30289 0.24466 0.00274 0.99 
KUB23 -9 3382 1336 15.5 3158 35 3161 14 3163 18 0 0.63223 0.00881 21.48165 0.30483 0.24651 0.00275 0.98 
KUB23 -10 3723 1573 11.5 3113 35 3144 14 3165 17 1 0.62079 0.00870 21.12084 0.29778 0.24684 0.00265 0.99 
KUB23 -11 3113 1353 14.8 3102 35 3137 14 3161 17 1 0.61798 0.00882 20.97218 0.29908 0.24619 0.00259 1.00 
KUB23 -12 3346 1499 13.5 3094 36 3132 14 3157 17 1 0.61609 0.00893 20.86068 0.30345 0.24561 0.00264 1.00 
                  
KUB23 -13 3020 1298 16.7 3078 41 3067 17 3059 25 0 0.61200 0.01032 19.49565 0.34925 0.23097 0.00362 0.94 
KUB23 -14 3056 1310 14.5 3071 34 3073 14 3074 17 0 0.61019 0.00848 19.61650 0.27319 0.23321 0.00246 1.00 
KUB23 -15 3388 1501 12.1 3062 34 3064 13 3066 16 0 0.60807 0.00845 19.44856 0.26926 0.23202 0.00236 1.00 
KUB23 -16 3026 1298 14.4 3068 34 3071 13 3074 17 0 0.60940 0.00843 19.59084 0.27156 0.23321 0.00244 1.00 
KUB23 -17 3070 1368 12.9 3064 35 3072 14 3079 18 0 0.60837 0.00877 19.60557 0.28563 0.23387 0.00262 0.99 
KUB23 -18 2520 1102 17.9 3062 35 3073 14 3081 17 0 0.60797 0.00861 19.62384 0.28011 0.23417 0.00257 0.99 
Incl. in Grt 5912 2980 6.3 3076 38 3080 17 3083 25 0 0.61143 0.00958 19.76782 0.34145 0.23443 0.00372 0.91 
Incl. in Grt 6179 3112 5.5 3081 36 3076 15 3072 22 0 0.61274 0.00895 19.67863 0.31184 0.23287 0.00329 0.92 
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206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Rho Sample/Spot 206Pb (ppm) U (ppm) 232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ  
Kub17                  
KUB17 -1 3328 1349 17.5 3207 36 3204 14 3203 17 0 0.64455 0.00926 22.46459 0.32514 0.25285 0.00273 0.99 
KUB17 -2 3732 1515 20.4 3213 37 3210 15 3209 18 0 0.64613 0.00947 22.60983 0.33819 0.25385 0.00291 0.98 
KUB17 -3 3544 1432 20.6 3207 36 3209 14 3211 16 0 0.64469 0.00914 22.58259 0.31719 0.25411 0.00258 1.01 
KUB17 -4 3892 1557 17.7 3211 36 3214 14 3216 16 0 0.64554 0.00907 22.68669 0.31576 0.25494 0.00258 1.01 
KUB17 -5 3640 1473 17.1 3204 36 3207 14 3210 16 0 0.64386 0.00914 22.54215 0.31995 0.25397 0.00264 1.00 
KUB17 -6 3060 1236 28.6 3201 36 3206 14 3209 16 0 0.64294 0.00910 22.50357 0.31490 0.25391 0.00257 1.01 
                  
KUB17 -7 2921 1203 19.1 3156 36 3157 14 3158 18 0 0.63168 0.00916 21.39998 0.31492 0.24577 0.00276 0.99 
KUB17 -8 3663 1493 15.6 3162 36 3164 14 3166 17 0 0.63307 0.00906 21.55392 0.31008 0.24699 0.00269 0.99 
KUB17 -9 3453 1423 17.1 3156 36 3161 15 3165 18 0 0.63165 0.00919 21.49350 0.32069 0.24685 0.00285 0.98 
KUB17 -10 3265 1336 20.3 3141 35 3151 14 3158 17 0 0.62776 0.00891 21.26797 0.30186 0.24578 0.00262 1.00 
KUB17 -11 6427 2650 28.0 3127 36 3146 14 3159 18 1 0.62425 0.00900 21.16077 0.30807 0.24591 0.00277 0.99 
                  
KUB17 -12 3371 1423 23.1 3080 36 3088 15 3093 19 0 0.61253 0.00894 19.92409 0.29844 0.23598 0.00277 0.97 
KUB17 -13 4987 2090 19.3 3075 35 3082 14 3087 17 0 0.61131 0.00862 19.81264 0.27957 0.23511 0.00249 1.00 
KUB17 -14 2961 1249 20.4 3080 35 3082 14 3083 18 0 0.61252 0.00883 19.79921 0.28848 0.23452 0.00261 0.99 
KUB17 -15 3617 1521 20.6 3089 36 3076 14 3068 18 0 0.61480 0.00897 19.68100 0.29099 0.23227 0.00266 0.99 
KUB17 -16 3213 1368 19.7 3090 35 3095 14 3099 16 0 0.61492 0.00877 20.08112 0.28459 0.23690 0.00243 1.01 
Kub8                  
KUB8 -1 2049 834 47.0 3336 38 3333 14 3332 17 0 0.67786 0.00975 25.65411 0.36954 0.27458 0.00296 1.00 
                  
KUB8 -2 5067 2143 33.8 3232 38 3226 15 3223 19 0 0.65090 0.00977 22.98342 0.35807 0.25616 0.00306 0.96 
                  
KUB8 -3 10608 4815 9.0 3099 37 3100 15 3101 18 0 0.61714 0.00928 20.17183 0.31182 0.23709 0.00273 0.97 
KUB8 -4 15185 6756 5.4 3102 35 3101 14 3100 16 0 0.61807 0.00870 20.19663 0.28210 0.23707 0.00240 1.01 
KUB8 -5 5872 2663 16.3 3070 35 3088 14 3100 17 1 0.60987 0.00870 19.92789 0.28505 0.23706 0.00250 1.00 
KUB8 -6 8925 4104 9.5 3099 35 3099 14 3099 16 0 0.61718 0.00882 20.15356 0.28613 0.23689 0.00242 1.01 
KUB8 -7 12447 5431 6.8 3113 36 3102 15 3095 18 0 0.62067 0.00905 20.21284 0.30437 0.23633 0.00270 0.97 
KUB8 -8 5573 2499 16.2 3097 36 3095 14 3093 17 0 0.61683 0.00904 20.06639 0.29518 0.23600 0.00249 1.00 
Incl. in Grt 6813 3027 14.6 3082 59 3076 27 3073 45 0 0.61304 0.01472 19.67976 0.55482 0.23297 0.00669 0.85 
Incl. in Grt 15480 7090 6.0 3081 37 3089 16 3095 24 0 0.61266 0.00920 19.94456 0.33866 0.23627 0.00359 0.88 
Incl. in Grt 7514 3620 4.4 3028 39 3069 18 3096 28 1 0.59945 0.00958 19.54238 0.36498 0.23645 0.00416 0.86 
Incl. in Grt 13547 5841 6.0 3053 76 3096 36 3125 60 1 0.60580 0.01892 20.09174 0.74435 0.24075 0.00932 0.84 
Incl. in Grt 4871 2317 8.3 3021 41 3072 20 3106 31 2 0.59790 0.01023 19.60406 0.39724 0.23784 0.00469 0.84 
Incl. in Grt 9308 4568 10.1 3000 37 3076 17 3126 25 3 0.59261 0.00904 19.67588 0.34146 0.24097 0.00384 0.88 
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206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Rho Sample/Spot 206Pb (ppm) U (ppm) 232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ  
Kub14                  
KUB14 -1 11253 4448 14.7 3213 35 3213 14 3212 16 0 0.64622 0.00902 22.66031 0.31613 0.25440 0.00265 1.00 
                  
KUB14 -2 10066 4202 16.3 3132 36 3101 14 3081 17 -1 0.62559 0.00897 20.19914 0.28778 0.23426 0.00245 1.01 
KUB14 -3 9897 4166 19.8 3129 35 3101 14 3084 16 -1 0.62481 0.00881 20.20820 0.28158 0.23461 0.00238 1.01 
KUB14 -4 10604 4245 17.7 3128 35 3101 14 3084 16 -1 0.62445 0.00883 20.19504 0.28415 0.23462 0.00242 1.00 
KUB14 -5 11786 4839 13.5 3118 35 3098 13 3085 16 -1 0.62197 0.00871 20.13762 0.27961 0.23484 0.00238 1.01 
KUB14 -6 7663 3121 21.6 3115 34 3101 13 3093 16 0 0.62130 0.00863 20.20462 0.27734 0.23590 0.00237 1.01 
KUB14 -7 11214 4563 13.0 3106 34 3095 13 3087 16 0 0.61903 0.00857 20.06492 0.27557 0.23515 0.00239 1.01 
Lu9                  
LU9 -1 2868 1211 8.7 3160 36 3175 14 3185 18 0 0.63265 0.00905 21.81109 0.31875 0.25008 0.00289 0.98 
LU9 -2 8574 3778 5.2 3170 38 3188 16 3200 21 1 0.63518 0.00965 22.09495 0.36031 0.25239 0.00336 0.93 
LU9 -3 2565 1050 9.6 3156 37 3178 15 3192 20 1 0.63150 0.00926 21.86766 0.33650 0.25116 0.00324 0.95 
LU9 -4 3586 1544 22.8 3131 37 3158 15 3176 20 1 0.62532 0.00922 21.43085 0.33112 0.24865 0.00315 0.95 
LU9 -5 3879 1613 17.1 3139 36 3166 15 3184 19 1 0.62724 0.00905 21.60863 0.32374 0.24989 0.00307 0.96 
LU9 -6 2081 848 16.6 3129 38 3158 15 3178 21 1 0.62475 0.00944 21.42786 0.33715 0.24890 0.00336 0.96 
                  
LU9 -7 3333 1438 17.3 3124 39 3130 16 3133 23 0 0.62363 0.00969 20.80492 0.34823 0.24201 0.00349 0.93 
LU9 -8 1946 857 13.2 3111 42 3120 19 3126 28 0 0.62032 0.01051 20.60447 0.40323 0.24094 0.00435 0.87 
LU9 -9 3239 1497 20.6 3052 36 3090 15 3114 19 1 0.60552 0.00897 19.96334 0.29927 0.23910 0.00284 0.99 
LU9 -10 2017 907 29.0 3069 36 3094 14 3110 18 1 0.60980 0.00896 20.04966 0.29369 0.23855 0.00266 1.00 
LU9 -11 3403 1525 14.4 3079 36 3096 14 3107 18 1 0.61233 0.00890 20.09500 0.29286 0.23798 0.00268 1.00 
LU9 -12 3121 1356 17.1 3090 36 3097 14 3101 18 0 0.61506 0.00896 20.10796 0.29497 0.23714 0.00273 0.99 
                  
LU9 -13 4765 1994 20.3 3039 34 3059 14 3073 17 1 0.60223 0.00855 19.34075 0.27531 0.23298 0.00250 1.00 
LU9 -14 6863 3080 10.7 3042 39 3058 17 3069 23 1 0.60298 0.00957 19.32298 0.33392 0.23243 0.00333 0.92 
LU9 -15 4130 1827 23.8 3058 35 3058 14 3059 17 0 0.60690 0.00861 19.32843 0.27101 0.23100 0.00241 1.01 
LU9 -16 3801 1750 22.2 3061 35 3057 14 3055 16 0 0.60782 0.00869 19.29897 0.26967 0.23039 0.00234 1.02 
LU9 -17 3836 1684 23.2 3062 35 3057 14 3053 17 0 0.60798 0.00860 19.29290 0.26987 0.23017 0.00239 1.01 
LU9 -18 3550 1616 22.7 3072 35 3057 14 3047 17 0 0.61036 0.00875 19.29940 0.27449 0.22932 0.00248 1.01 
                  
LU9 -20 2657 1437 16.2 2736 38 2873 17 2973 24 5 0.52878 0.00888 15.93479 0.28270 0.21895 0.00333 0.95 
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206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Rho Sample/Spot 206Pb (ppm) U (ppm) 232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ  
Lu6                  
LU6 -1 n.a n.a n.a 3438 24 3434 9 3432 19 0 0.70466 0.00641 28.41883 0.26983 0.29263 0.00362 0.96 
LU6 -2 n.a n.a n.a 3435 19 3436 7 3437 16 0 0.70391 0.00509 28.48871 0.20609 0.29370 0.00308 1.00 
LU6 -3 n.a n.a n.a 3433 18 3436 7 3438 16 0 0.70329 0.00483 28.49596 0.19804 0.29391 0.00299 0.99 
Incl. in Grt 492 189 93.6 3437 85 3430 34 3427 54 0 0.70440 0.02246 28.30665 0.98577 0.29171 0.01032 0.92 
Incl. in Grt 3221 1177 28.4 3429 40 3436 16 3441 21 0 0.70214 0.01062 28.49237 0.45268 0.29441 0.00392 0.95 
Incl. in Grt 551 203 91.6 3389 71 3404 29 3412 44 0 0.69168 0.01850 27.56913 0.80045 0.28900 0.00837 0.92 
Incl. in Grt 2230 816 30.2 3349 53 3424 22 3467 32 2 0.68128 0.01382 28.15033 0.61735 0.29940 0.00619 0.92 
Incl. in Grt 571 222 95.5 3294 63 3376 26 3426 40 2 0.66699 0.01630 26.79878 0.70927 0.29150 0.00767 0.92 
                  
LU6 -4 n.a n.a n.a 3378 20 3388 8 3395 17 0 0.68874 0.00533 27.13668 0.21384 0.28588 0.00315 0.98 
Incl. in Grt 2226 815 31.5 3413 71 3408 30 3398 47 0 0.69805 0.01877 27.66969 0.83933 0.28633 0.00874 0.89 
Incl. in Grt 512 187 87.9 3374 71 3394 29 3406 45 1 0.68778 0.01870 27.27931 0.80271 0.28775 0.00848 0.92 
Incl. in Grt 642 232 107.0 3400 50 3401 19 3402 28 0 0.69442 0.01306 27.47865 0.54534 0.28713 0.00522 0.95 
                  
LU6 -5 n.a n.a n.a 3357 18 3352 7 3350 16 0 0.68318 0.00469 26.14818 0.18068 0.27769 0.00282 0.99 
LU6 -6 n.a n.a n.a 3326 23 3346 9 3358 19 1 0.67528 0.00609 25.99640 0.25041 0.27910 0.00342 0.94 
LU6 -7 n.a n.a n.a 3323 23 3349 9 3364 19 1 0.67449 0.00589 26.06789 0.25148 0.28016 0.00342 0.91 
                  
LU6 -8 n.a n.a n.a 3248 19 3229 8 3218 17 -1 0.65498 0.00478 23.04609 0.17655 0.25530 0.00275 0.95 
LU6 -9 n.a n.a n.a 3232 20 3225 8 3222 18 0 0.65096 0.00509 22.95712 0.18787 0.25592 0.00287 0.96 
LU6 -10 n.a n.a n.a 3224 19 3225 8 3227 17 0 0.64904 0.00486 22.96233 0.17992 0.25671 0.00281 0.96 
LU6 -11 n.a n.a n.a 3231 21 3236 9 3241 18 0 0.65070 0.00538 23.22359 0.20333 0.25899 0.00303 0.94 
LU6 -12 n.a n.a n.a 3229 18 3236 7 3241 16 0 0.65028 0.00461 23.21352 0.16725 0.25903 0.00269 0.98 
LU6 -13 n.a n.a n.a 3214 20 3221 8 3226 18 0 0.64639 0.00505 22.86635 0.18852 0.25663 0.00287 0.95 
Incl. in Grt 1724 681 43.6 3235 45 3232 19 3231 28 0 0.65166 0.01155 23.11090 0.45388 0.25736 0.00467 0.90 
                  
LU6 -14 n.a n.a n.a 3092 21 3093 9 3093 19 0 0.61556 0.00523 20.02355 0.18383 0.23593 0.00282 0.93 
LU6 -15 n.a n.a n.a 3095 22 3096 10 3098 20 0 0.61619 0.00553 20.10208 0.19750 0.23671 0.00303 0.91 
LU6 -16 n.a n.a n.a 3092 17 3095 7 3097 17 0 0.61541 0.00433 20.06414 0.14900 0.23653 0.00253 0.95 
LU6 -17 n.a n.a n.a 3091 21 3095 9 3097 19 0 0.61522 0.00525 20.06877 0.18507 0.23652 0.00281 0.93 
LU6 -18 n.a n.a n.a 3081 18 3096 7 3106 17 0 0.61285 0.00446 20.10041 0.15185 0.23788 0.00251 0.96 
LU6 -19 n.a n.a n.a 3083 18 3098 7 3109 17 1 0.61323 0.00441 20.14555 0.15176 0.23832 0.00255 0.95 
Incl. in Grt 2317 971 24.9 3072 38 3075 16 3078 23 0 0.61054 0.00944 19.67321 0.32459 0.23378 0.00333 0.94 
Incl. in Grt 4251 1623 27.8 3075 45 3075 20 3073 30 0 0.61133 0.01115 19.66544 0.40565 0.23300 0.00444 0.88 
Incl. in Grt 2820 1241 20.2 3056 57 3053 26 3051 43 0 0.60649 0.01415 19.22272 0.52237 0.22979 0.00624 0.86 
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206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb Rho Sample/Spot 206Pb (ppm) U (ppm) 232Th/238U 
Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ 
% 
Disc. ratio 1σ ratio 1σ ratio 1σ  
LU6 -20 n.a n.a n.a 2976 21 2986 9 2993 20 0 0.58670 0.00509 17.92025 0.17143 0.22170 0.00275 0.91 
LU6 -21 n.a n.a n.a 2982 17 2992 7 3001 17 0 0.58821 0.00420 18.04852 0.13274 0.22273 0.00236 0.97 
LU6 -22 n.a n.a n.a 2982 16 2994 7 3003 16 0 0.58826 0.00394 18.07720 0.12138 0.22302 0.00226 1.00 
LU6 -23 n.a n.a n.a 2960 18 2973 8 2982 18 0 0.58284 0.00450 17.68571 0.14330 0.22020 0.00245 0.95 
LU6 -24 n.a n.a n.a 2975 16 2988 6 2998 16 0 0.58655 0.00385 17.97111 0.11884 0.22233 0.00226 0.99 
LU6 -25 n.a n.a n.a 2973 17 2987 7 2998 17 0 0.58601 0.00407 17.95087 0.12583 0.22235 0.00229 0.99 
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Table B1 The performance of the secondary zircon standard Plesoviče, analyzed over multiple analytical sessions during the study. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub17 (3 sessions) Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
PLES-1 340.9 3.7 349.9 3.7 409 26 0.05431 0.00061 0.41139 0.00514 0.05493 0.00065 
PLES-2 338.0 3.9 343.6 4.1 382 30 0.05383 0.00063 0.40271 0.00564 0.05426 0.00073 
PLES-3 338.1 3.8 343.3 3.7 379 27 0.05385 0.00062 0.40234 0.00513 0.05419 0.00065 
PLES-4 338.9 3.8 342.6 3.9 368 29 0.05397 0.00061 0.40134 0.00539 0.05393 0.00070 
PLES-5 341.3 3.7 341.9 3.6 346 26 0.05437 0.00061 0.40038 0.00497 0.05340 0.00063 
PLES-6 336.4 3.8 341.8 4.0 378 30 0.05357 0.00062 0.40016 0.00555 0.05418 0.00073 
PLES-7 339.0 3.7 340.7 3.6 352 27 0.05400 0.00061 0.39870 0.00498 0.05355 0.00064 
PLES-8 339.4 3.7 340.7 3.8 349 29 0.05406 0.00061 0.39868 0.00529 0.05349 0.00069 
PLES-9 336.4 3.7 340.0 3.6 365 26 0.05356 0.00061 0.39770 0.00497 0.05385 0.00063 
PLES-10 340.0 3.8 339.9 3.6 339 27 0.05416 0.00061 0.39759 0.00500 0.05324 0.00063 
PLES-11 338.2 3.7 339.3 3.6 347 27 0.05386 0.00061 0.39677 0.00499 0.05342 0.00064 
PLES-12 338.5 3.8 339.2 3.9 344 30 0.05391 0.00061 0.39660 0.00541 0.05335 0.00071 
PLES-13 338.3 3.7 338.1 3.6 337 27 0.05389 0.00060 0.39515 0.00500 0.05318 0.00064 
PLES-14 339.5 3.7 337.5 3.6 324 27 0.05407 0.00061 0.39435 0.00492 0.05289 0.00063 
PLES-15 333.8 3.7 336.8 4.0 357 31 0.05315 0.00060 0.39335 0.00552 0.05368 0.00075 
PLES-16 336.8 3.7 336.3 3.6 332 27 0.05364 0.00060 0.39259 0.00499 0.05308 0.00065 
PLES-17 333.8 3.6 335.4 3.6 347 27 0.05314 0.00059 0.39146 0.00497 0.05342 0.00066 
PLES-18 330.1 3.7 332.6 4.1 350 32 0.05255 0.00061 0.38762 0.00560 0.05350 0.00076 
PLES-19 340.3 3.7 340.7 3.9 344 30 0.05421 0.00060 0.39875 0.00540 0.05335 0.00072 
PLES-20 339.3 3.7 341.0 3.9 353 30 0.05404 0.00060 0.39913 0.00542 0.05357 0.00073 
PLES-21 339.3 3.6 339.3 3.6 339 27 0.05404 0.00058 0.39675 0.00488 0.05325 0.00065 
PLES-22 339.9 3.6 345.5 3.7 383 28 0.05414 0.00058 0.40532 0.00510 0.05430 0.00069 
PLES-23 337.5 3.5 338.2 3.6 343 28 0.05374 0.00057 0.39526 0.00490 0.05334 0.00067 
Kub23 (6 sessions)             
PLES-1 342.0 3.4 343.0 3.6 349 29 0.05449 0.00055 0.40187 0.00499 0.05349 0.00069 
PLES-2 336.3 3.3 339.7 3.7 363 30 0.05356 0.00054 0.39729 0.00510 0.05380 0.00072 
PLES-3 336.5 3.3 339.1 3.6 357 29 0.05359 0.00053 0.39651 0.00498 0.05366 0.00071 
PLES-4 338.8 3.4 345.3 4.0 389 31 0.05396 0.00055 0.40507 0.00547 0.05444 0.00076 
PLES-5 341.8 3.3 342.2 3.8 345 30 0.05446 0.00055 0.40075 0.00522 0.05337 0.00072 
PLES-6 342.7 3.5 347.5 4.3 380 33 0.05460 0.00057 0.40812 0.00590 0.05422 0.00081 
PLES-7 336.1 3.6 340.3 5.4 369 43 0.05353 0.00059 0.39819 0.00747 0.05396 0.00105 
PLES-8 329.7 3.3 333.4 3.6 359 29 0.05248 0.00053 0.38865 0.00494 0.05372 0.00070 
PLES-9 330.8 3.3 343.8 3.7 432 29 0.05265 0.00054 0.40295 0.00513 0.05551 0.00073 
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Table B1 Continued. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub23 (continued) Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
PLES-10 330.8 3.3 328.5 3.5 312 29 0.05266 0.00054 0.38193 0.00481 0.05260 0.00068 
PLES-11 333.2 3.4 336.1 3.8 356 31 0.05304 0.00055 0.39234 0.00523 0.05365 0.00073 
PLES-12 329.3 3.3 337.4 3.7 394 29 0.05241 0.00054 0.39418 0.00512 0.05455 0.00073 
PLES-13 329.5 3.4 333.2 4.1 359 33 0.05244 0.00056 0.38834 0.00564 0.05372 0.00080 
PLES-14 327.8 3.4 330.7 4.1 352 33 0.05216 0.00055 0.38503 0.00558 0.05354 0.00079 
PLES-15 336.9 3.2 346.1 3.6 409 29 0.05365 0.00053 0.40618 0.00501 0.05491 0.00072 
PLES-16 341.3 3.3 341.6 3.6 344 29 0.05437 0.00054 0.39992 0.00499 0.05336 0.00070 
PLES-17 337.3 3.3 353.0 3.7 458 29 0.05371 0.00053 0.41572 0.00521 0.05614 0.00074 
PLES-18 343.5 3.3 344.3 3.6 350 29 0.05473 0.00055 0.40369 0.00498 0.05350 0.00069 
PLES-19 343.0 3.3 347.1 3.7 375 29 0.05464 0.00054 0.40754 0.00509 0.05409 0.00071 
PLES-20 342.5 3.3 352.4 3.6 418 28 0.05457 0.00054 0.41486 0.00495 0.05513 0.00069 
PLES-21 342.5 3.3 343.4 3.9 350 31 0.05456 0.00054 0.40239 0.00532 0.05349 0.00074 
PLES-22 338.9 3.3 342.9 3.8 370 30 0.05398 0.00053 0.40174 0.00526 0.05398 0.00074 
PLES-23 340.4 3.3 337.4 3.9 317 32 0.05423 0.00055 0.39422 0.00539 0.05272 0.00074 
PLES-24 341.0 3.4 340.2 4.0 335 32 0.05431 0.00055 0.39805 0.00554 0.05315 0.00076 
PLES-25 339.9 3.4 340.3 4.1 343 32 0.05415 0.00055 0.39816 0.00560 0.05333 0.00077 
PLES-26 336.1 3.3 336.2 4.2 336 34 0.05352 0.00054 0.39245 0.00576 0.05318 0.00081 
PLES-27 337.7 3.3 338.9 4.3 347 34 0.05378 0.00055 0.39618 0.00591 0.05343 0.00082 
PLES-28 344.3 3.5 343.6 3.7 339 29 0.05486 0.00058 0.40265 0.00516 0.05323 0.00070 
PLES-29 344.1 3.5 341.2 3.7 322 30 0.05482 0.00058 0.39943 0.00515 0.05285 0.00070 
PLES-30 342.2 3.5 343.4 4.0 351 32 0.05452 0.00057 0.40243 0.00553 0.05353 0.00077 
PLES-31 340.0 3.5 342.6 4.5 360 37 0.05416 0.00057 0.40127 0.00617 0.05374 0.00088 
PLES-32 333.4 3.5 337.3 4.6 364 38 0.05308 0.00057 0.39407 0.00634 0.05384 0.00092 
PLES-33 339.9 3.6 342.3 4.3 358 35 0.05415 0.00060 0.40091 0.00598 0.05369 0.00083 
PLES-34 333.9 3.6 333.0 4.2 327 33 0.05317 0.00059 0.38816 0.00569 0.05295 0.00079 
PLES-35 336.7 3.7 336.2 4.2 332 33 0.05362 0.00061 0.39248 0.00581 0.05308 0.00079 
PLES-36 336.7 3.8 340.9 4.0 370 30 0.05362 0.00062 0.39902 0.00556 0.05397 0.00074 
PLES-37 336.0 3.8 334.4 4.2 323 33 0.05351 0.00062 0.39006 0.00573 0.05287 0.00077 
PLES-38 338.1 3.8 336.0 4.2 321 33 0.05385 0.00062 0.39218 0.00577 0.05282 0.00077 
PLES-39 342.4 3.9 341.0 4.5 331 34 0.05455 0.00064 0.39905 0.00616 0.05306 0.00081 
PLES-40 342.3 3.9 335.8 4.2 291 32 0.05454 0.00064 0.39198 0.00575 0.05213 0.00075 
PLES-41 331.7 3.7 335.5 3.9 361 30 0.05281 0.00060 0.39150 0.00540 0.05377 0.00073 
PLES-42 335.5 3.7 339.3 4.0 365 31 0.05342 0.00061 0.39675 0.00551 0.05386 0.00073 
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Table B1 Continued. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub23 (continued) Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
PLES-43 334.2 3.7 336.3 3.9 351 30 0.05321 0.00060 0.39270 0.00539 0.05352 0.00072 
PLES-44 345.8 5.5 385.0 8.0 628 52 0.05511 0.00090 0.46112 0.01152 0.06068 0.00148 
PLES-45 339.9 3.8 341.8 4.0 354 30 0.05415 0.00061 0.40022 0.00545 0.05361 0.00071 
PLES-46 340.1 3.8 342.4 3.9 357 30 0.05418 0.00061 0.40099 0.00542 0.05368 0.00071 
PLES-47 346.8 3.9 347.5 4.2 352 31 0.05528 0.00063 0.40808 0.00579 0.05354 0.00075 
PLES-48 341.6 3.8 339.1 4.1 322 31 0.05442 0.00062 0.39644 0.00561 0.05284 0.00073 
Lu17 (4 sessions)             
PLES-1 350.6 3.3 350.6 3.6 351 29 0.05589 0.00054 0.41236 0.00504 0.05352 0.00069 
PLES-2 347.3 3.3 345.3 3.7 332 30 0.05536 0.00054 0.40504 0.00507 0.05307 0.00070 
PLES-3 346.3 3.3 345.6 3.6 341 29 0.05518 0.00054 0.40548 0.00493 0.05330 0.00069 
PLES-4 344.9 3.4 339.6 3.8 303 30 0.05496 0.00056 0.39712 0.00517 0.05241 0.00071 
PLES-5 346.0 3.3 343.4 3.6 326 29 0.05514 0.00054 0.40248 0.00499 0.05294 0.00069 
PLES-6 345.6 3.4 344.7 4.0 338 32 0.05508 0.00056 0.40415 0.00555 0.05322 0.00076 
PLES-7 342.3 3.6 340.0 4.5 324 35 0.05453 0.00059 0.39766 0.00612 0.05289 0.00083 
PLES-8 341.2 3.5 342.3 3.9 350 30 0.05435 0.00057 0.40085 0.00532 0.05349 0.00073 
PLES-9 349.1 3.5 348.3 3.9 343 30 0.05565 0.00058 0.40915 0.00544 0.05333 0.00073 
PLES-10 349.7 3.5 343.6 3.9 303 31 0.05574 0.00058 0.40269 0.00536 0.05240 0.00072 
PLES-11 339.2 3.5 341.7 4.0 359 31 0.05402 0.00056 0.40007 0.00544 0.05371 0.00075 
PLES-12 347.7 3.5 345.4 4.0 330 32 0.05541 0.00058 0.40513 0.00559 0.05303 0.00075 
PLES-13 339.8 3.5 341.9 4.1 356 33 0.05412 0.00057 0.40029 0.00568 0.05365 0.00078 
PLES-14 342.1 3.5 342.4 4.1 344 33 0.05450 0.00057 0.40101 0.00570 0.05337 0.00078 
PLES-15 341.0 3.5 341.4 3.9 345 32 0.05432 0.00057 0.39972 0.00537 0.05338 0.00077 
PLES-16 341.0 3.4 339.2 3.5 328 30 0.05432 0.00055 0.39669 0.00487 0.05298 0.00070 
PLES-17 341.2 3.2 341.2 3.2 341 27 0.05436 0.00053 0.39935 0.00440 0.05329 0.00064 
PLES-18 336.6 3.3 343.2 3.5 388 28 0.05361 0.00054 0.40210 0.00480 0.05440 0.00070 
PLES-19 337.3 3.4 340.9 3.6 366 30 0.05372 0.00056 0.39900 0.00501 0.05387 0.00072 
PLES-20 347.7 3.6 345.5 3.7 331 30 0.05542 0.00058 0.40533 0.00511 0.05305 0.00070 
PLES-21 341.6 3.5 345.4 3.7 371 30 0.05442 0.00057 0.40512 0.00518 0.05399 0.00073 
PLES-22 341.7 3.8 340.5 4.0 332 30 0.05444 0.00063 0.39846 0.00544 0.05309 0.00070 
PLES-23 326.6 3.6 327.9 3.6 338 28 0.05197 0.00059 0.38121 0.00496 0.05321 0.00067 
PLES-24 337.7 3.8 341.0 3.8 364 28 0.05378 0.00062 0.39913 0.00527 0.05383 0.00068 
PLES-25 337.7 3.8 340.7 3.9 361 29 0.05378 0.00062 0.39863 0.00541 0.05376 0.00070 
PLES-26 342.2 3.8 342.7 3.8 346 28 0.05452 0.00062 0.40143 0.00524 0.05340 0.00067 
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Table B1 Continued. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Lu17 (continued) Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
PLES-27 340.9 3.8 343.3 3.8 360 28 0.05430 0.00062 0.40227 0.00523 0.05373 0.00067 
PLES-28 342.9 3.8 343.9 3.8 351 28 0.05463 0.00062 0.40316 0.00528 0.05353 0.00068 
PLES-29 339.7 3.8 338.8 3.9 333 28 0.05410 0.00063 0.39601 0.00530 0.05309 0.00067 
PLES-30 337.3 3.7 338.9 3.8 351 28 0.05371 0.00061 0.39626 0.00519 0.05351 0.00068 
PLES-31 336.6 3.8 335.7 3.8 330 28 0.05360 0.00061 0.39186 0.00518 0.05302 0.00067 
PLES-32 334.8 3.9 336.6 4.1 350 31 0.05330 0.00064 0.39309 0.00567 0.05349 0.00073 
PLES-33 335.9 3.8 358.2 4.6 505 34 0.05349 0.00061 0.42297 0.00647 0.05735 0.00089 
PLES-34 339.5 3.9 338.1 4.0 328 30 0.05408 0.00064 0.39514 0.00555 0.05299 0.00071 
PLES-35 343.6 4.0 348.4 4.4 380 32 0.05475 0.00066 0.40937 0.00610 0.05423 0.00077 
PLES-36 359.4 4.3 355.6 5.1 330 38 0.05734 0.00070 0.41934 0.00715 0.05304 0.00090 
PLES-37 340.4 3.8 345.0 3.9 376 29 0.05422 0.00062 0.40460 0.00539 0.05412 0.00069 
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Table B2 The performance of the secondary monazite standard RGL4B, analyzed over multiple analytical sessions during the study. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub8 (1 session) Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
RGL4B-1 1573 21 1571 12 1570 22 0.27629 0.00406 3.69998 0.05717 0.09714 0.00117 
RGL4B-2 1535 20 1547 12 1563 21 0.26876 0.00392 3.58620 0.05336 0.09679 0.00107 
RGL4B-3 1512 19 1536 12 1568 21 0.26435 0.00382 3.53755 0.05248 0.09706 0.00109 
RGL4B-4 1565 21 1573 12 1585 22 0.27469 0.00406 3.70761 0.05703 0.09791 0.00115 
RGL4B-5 1558 20 1562 12 1568 20 0.27343 0.00396 3.65770 0.05365 0.09703 0.00104 
RGL4B-6 1575 22 1565 15 1552 29 0.27674 0.00442 3.67006 0.06733 0.09621 0.00150 
RGL4B-7 1570 21 1567 13 1563 25 0.27566 0.00416 3.67873 0.06074 0.09680 0.00130 
Kub14 (1 session)             
RGL4B-1 1521 19 1535 11 1554 20 0.26614 0.00370 3.53320 0.04946 0.09631 0.00101 
RGL4B-2 1554 19 1552 11 1550 20 0.27255 0.00378 3.61038 0.05052 0.09610 0.00102 
RGL4B-3 1526 19 1539 11 1558 20 0.26702 0.00372 3.55245 0.04972 0.09651 0.00102 
RGL4B-4 1537 19 1537 12 1537 21 0.26918 0.00381 3.54139 0.05165 0.09543 0.00108 
RGL4B-5 1537 19 1539 11 1541 21 0.26926 0.00381 3.55022 0.05132 0.09563 0.00107 
RGL4B-6 1518 19 1526 12 1538 22 0.26544 0.00382 3.49548 0.05260 0.09550 0.00114 
RGL4B-7 1562 20 1547 11 1527 20 0.27421 0.00386 3.58867 0.05050 0.09494 0.00100 
RGL4B-8 1544 20 1541 12 1538 21 0.27056 0.00387 3.56154 0.05187 0.09551 0.00108 
RGL4B-9 1550 20 1535 12 1516 23 0.27186 0.00397 3.53614 0.05456 0.09439 0.00117 
RGL4B-10 1524 19 1536 11 1554 20 0.26669 0.00371 3.54021 0.04973 0.09630 0.00102 
RGL4B-11 1500 19 1525 11 1561 20 0.26194 0.00366 3.49149 0.04952 0.09670 0.00104 
RGL4B-12 1517 19 1542 11 1578 20 0.26529 0.00369 3.56689 0.05016 0.09754 0.00104 
RGL4B-13 1518 19 1535 11 1560 20 0.26541 0.00370 3.53547 0.04988 0.09664 0.00103 
RGL4B-14 1508 19 1534 11 1570 20 0.26348 0.00366 3.52800 0.04955 0.09714 0.00103 
RGL4B-15 1504 19 1527 11 1559 20 0.26270 0.00365 3.49749 0.04887 0.09659 0.00102 
RGL4B-16 1540 19 1546 11 1556 20 0.26983 0.00377 3.58584 0.05093 0.09641 0.00104 
Kub17 (1 session)             
RGL4B-1 1513 19 1531 11 1556 20 0.26456 0.00375 3.51580 0.05049 0.09640 0.00104 
RGL4B-2 1531 19 1545 12 1563 21 0.26813 0.00383 3.57792 0.05251 0.09680 0.00108 
RGL4B-3 1504 19 1521 11 1545 19 0.26284 0.00371 3.47386 0.04901 0.09588 0.00098 
RGL4B-4 1578 20 1570 12 1559 21 0.27742 0.00398 3.69331 0.05475 0.09658 0.00109 
RGL4B-5 1564 20 1561 12 1557 21 0.27462 0.00396 3.65292 0.05461 0.09649 0.00110 
RGL4B-6 1518 19 1539 12 1567 21 0.26555 0.00378 3.55098 0.05192 0.09700 0.00109 
RGL4B-7 1514 19 1531 12 1556 21 0.26475 0.00378 3.51816 0.05189 0.09639 0.00110 
RGL4B-8 1541 19 1550 11 1563 20 0.27012 0.00384 3.60408 0.05181 0.09679 0.00104 
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Table B2 Continued. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub17 (Continued) Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
RGL4B-9 1513 19 1534 12 1564 21 0.26458 0.00377 3.53202 0.05187 0.09684 0.00111 
RGL4B-10 1523 19 1533 11 1548 20 0.26643 0.00375 3.52683 0.04976 0.09603 0.00100 
RGL4B-11 1506 19 1531 11 1565 21 0.26312 0.00373 3.51482 0.05100 0.09690 0.00108 
RGL4B-12 1523 19 1539 12 1562 21 0.26640 0.00381 3.55299 0.05219 0.09675 0.00109 
RGL4B-13 1531 19 1548 12 1571 21 0.26815 0.00383 3.59315 0.05300 0.09721 0.00111 
Kub23 (1 session)             
RGL4B-1 1491 18 1525 11 1574 20 0.26025 0.00361 3.49176 0.04893 0.09734 0.00103 
RGL4B-2 1543 19 1551 12 1562 21 0.27033 0.00377 3.60518 0.05215 0.09675 0.00110 
RGL4B-3 1504 18 1533 11 1574 20 0.26277 0.00361 3.52643 0.04932 0.09736 0.00104 
RGL4B-4 1523 19 1537 11 1556 20 0.26652 0.00367 3.54275 0.04920 0.09643 0.00101 
RGL4B-5 1493 18 1532 11 1587 20 0.26066 0.00359 3.52125 0.04945 0.09800 0.00105 
RGL4B-6 1519 19 1542 11 1574 21 0.26566 0.00367 3.56567 0.05112 0.09737 0.00110 
RGL4B-7 1534 19 1543 11 1557 19 0.26865 0.00370 3.57240 0.04957 0.09647 0.00101 
RGL4B-8 1502 19 1533 11 1577 20 0.26244 0.00368 3.52652 0.05079 0.09748 0.00107 
RGL4B-9 1528 19 1541 11 1558 20 0.26756 0.00373 3.56031 0.05081 0.09653 0.00105 
RGL4B-10 1523 19 1536 11 1553 20 0.26659 0.00371 3.53774 0.05008 0.09627 0.00104 
RGL4B-11 1537 19 1551 11 1571 20 0.26927 0.00377 3.60777 0.05167 0.09720 0.00106 
RGL4B-12 1524 19 1542 11 1567 19 0.26671 0.00370 3.56515 0.04962 0.09697 0.00100 
RGL4B-13 1530 19 1551 11 1580 20 0.26787 0.00369 3.60661 0.05025 0.09767 0.00103 
Lu9 (1 session)             
RGL4B-1 1510 19 1531 12 1560 22 0.26392 0.00382 3.51579 0.05324 0.09664 0.00116 
RGL4B-2 1527 20 1523 12 1519 23 0.26721 0.00386 3.48181 0.05271 0.09452 0.00114 
RGL4B-3 1549 20 1545 12 1539 21 0.27167 0.00388 3.57833 0.05197 0.09555 0.00106 
RGL4B-4 1515 20 1518 12 1522 22 0.26498 0.00394 3.45887 0.05357 0.09470 0.00113 
RGL4B-5 1557 27 1587 22 1627 48 0.27326 0.00536 3.77358 0.10161 0.10014 0.00263 
RGL4B-6 1538 20 1527 12 1512 20 0.26945 0.00388 3.49841 0.05097 0.09419 0.00103 
RGL4B-7 1568 20 1547 12 1519 23 0.27545 0.00403 3.59030 0.05547 0.09457 0.00117 
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Table B3 The effect on the calculated U-Pb monazite ages for sample Kub23 when the lower Th, USGS monazite 44609 is used as the primary monazite 
standard. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub23 Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
KUB23-1 3334 39 3284 15 3254 19 0.67732 0.01004 24.39117 0.38230 0.26118 0.00309 
KUB23-2 3278 37 3252 15 3236 18 0.66266 0.00960 23.59017 0.35720 0.25816 0.00301 
KUB23-3 3209 36 3225 16 3232 23 0.64506 0.00921 22.96135 0.38659 0.25751 0.00386 
KUB23-4 3238 36 3230 15 3225 18 0.65249 0.00924 23.07277 0.34450 0.25639 0.00302 
KUB23-5 3253 39 3235 18 3224 25 0.65631 0.00992 23.19112 0.42158 0.25631 0.00403 
KUB23-6 3224 38 3224 18 3224 24 0.64890 0.00983 22.92506 0.41501 0.25629 0.00400 
KUB23-7 3236 40 3228 19 3224 27 0.65207 0.01026 23.02566 0.45234 0.25623 0.00444 
KUB23-8 3232 36 3226 15 3222 19 0.65109 0.00929 22.98383 0.34841 0.25601 0.00308 
KUB23-9 3202 38 3214 18 3222 24 0.64340 0.00981 22.70069 0.41315 0.25595 0.00399 
KUB23-10 3259 37 3236 15 3221 19 0.65787 0.00941 23.20435 0.35116 0.25581 0.00305 
KUB23-11 3243 38 3229 17 3221 24 0.65380 0.00968 23.05594 0.41174 0.25572 0.00400 
KUB23-12 3260 38 3232 17 3215 24 0.65824 0.00988 23.12343 0.41158 0.25485 0.00393 
KUB23-13 3300 37 3245 15 3212 18 0.66846 0.00959 23.43914 0.34972 0.25427 0.00291 
KUB23-14 3257 37 3228 15 3210 19 0.65740 0.00958 23.02374 0.36098 0.25402 0.00315 
KUB23-15 3274 40 3234 19 3210 28 0.66182 0.01035 23.16927 0.45797 0.25401 0.00447 
KUB23-16 3264 36 3232 15 3209 21 0.65921 0.00925 23.11286 0.35959 0.25379 0.00333 
KUB23-17 3277 38 3231 16 3203 22 0.66254 0.00970 23.09499 0.38337 0.25288 0.00352 
KUB23-18 3258 36 3222 15 3199 20 0.65754 0.00922 22.88475 0.34952 0.25222 0.00319 
             
KUB23-19 3134 36 3164 15 3182 20 0.62600 0.00906 21.54692 0.33831 0.24963 0.00317 
KUB23-20 3226 38 3190 16 3167 20 0.64941 0.00972 22.13250 0.35591 0.24721 0.00309 
KUB23-21 3159 36 3164 15 3166 19 0.63237 0.00901 21.54703 0.32805 0.24711 0.00301 
KUB23-22 3153 36 3156 15 3158 18 0.63073 0.00905 21.37978 0.32031 0.24582 0.00284 
KUB23-23 3247 40 3190 17 3155 22 0.65469 0.01030 22.14196 0.39262 0.24530 0.00349 
KUB23-24 3244 41 3188 22 3152 34 0.65392 0.01061 22.08847 0.50256 0.24494 0.00528 
KUB23-25 3172 36 3159 14 3150 18 0.63558 0.00909 21.43475 0.31855 0.24455 0.00277 
KUB23-26 3166 37 3145 15 3132 19 0.63402 0.00939 21.13894 0.33367 0.24185 0.00297 
KUB23-27 3122 37 3127 18 3130 25 0.62301 0.00937 20.73940 0.37508 0.24153 0.00385 
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Table B3 Continued. 
 
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 
Kub23 Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ Ratio 1σ Ratio 1σ Ratio 1σ 
KUB23-28 3179 39 3138 19 3112 29 0.63755 0.00978 20.99273 0.42119 0.23879 0.00445 
KUB23-29 3393 40 3216 17 3108 23 0.69267 0.01048 22.74178 0.39167 0.23818 0.00340 
KUB23-30 3196 42 3140 20 3105 29 0.64173 0.01079 21.02652 0.44300 0.23772 0.00439 
KUB23-31 3115 36 3099 15 3088 18 0.62138 0.00894 20.15868 0.30214 0.23527 0.00272 
KUB23-32 3128 38 3101 18 3083 25 0.62461 0.00954 20.19501 0.36688 0.23453 0.00364 
KUB23-33 3065 35 3074 15 3079 20 0.60882 0.00871 19.63639 0.30413 0.23392 0.00296 
KUB23-34 3077 35 3078 15 3078 18 0.61170 0.00885 19.71626 0.29638 0.23374 0.00267 
KUB23-35 3086 42 3083 24 3075 39 0.61401 0.01047 19.82773 0.50188 0.23328 0.00584 
KUB23-36 3052 35 3066 16 3074 24 0.60552 0.00860 19.48484 0.32573 0.23312 0.00346 
KUB23-37 3077 36 3075 16 3074 22 0.61183 0.00901 19.66054 0.32828 0.23310 0.00327 
KUB23-38 2653 32 2902 21 3073 36 0.50908 0.00750 16.42951 0.36412 0.23302 0.00538 
KUB23-39 3108 38 3084 18 3069 25 0.61959 0.00964 19.85728 0.36387 0.23243 0.00361 
KUB23-40 3354 46 3175 26 3064 40 0.68251 0.01206 21.80980 0.57456 0.23174 0.00590 
KUB23-41 3103 37 3079 15 3064 20 0.61825 0.00922 19.74787 0.31562 0.23168 0.00287 
KUB23-42 3071 35 3067 15 3064 19 0.61028 0.00884 19.49631 0.29527 0.23166 0.00270 
KUB23-43 3108 38 3078 17 3059 22 0.61960 0.00957 19.73256 0.33929 0.23106 0.00324 
KUB23-44 3065 35 3061 14 3059 19 0.60871 0.00868 19.38594 0.29100 0.23094 0.00272 
KUB23-45 3088 35 3070 15 3058 19 0.61444 0.00882 19.56070 0.29410 0.23087 0.00269 
KUB23-46 3065 35 3060 15 3056 20 0.60884 0.00865 19.35753 0.30019 0.23057 0.00295 
KUB23-47 3247 42 3127 19 3051 27 0.65490 0.01088 20.74809 0.41624 0.22979 0.00395 
KUB23-48 3101 35 3067 15 3042 21 0.61764 0.00875 19.49715 0.30351 0.22862 0.00296 
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Figure B3 (i, ii & iii) The effect on the weighted mean 207Pb/206Pb monazite ages for sample Kub23 when USGS monazite 44609 is used as the primary 
monazite standard. 
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APPENDIX 2: Sample information. 
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Table C1 Location and description of all MVMS, Luboya, and Kubuta gneiss and leucosome samples discussed in the thesis.  
 
Sample Location GPS coordinates Rock type Grain-size Major minerals Accessory minerals 
       
Mk2-1 MVMS 26º 53.058’ S and 31º 17.773’ E metapelite fine-medium Grt + Crd + Bt + Pl + Qtz ± Kfs Ap, Zrn, Mnz, Py, Ilm, 
Mag 
Mk2-2a MVMS 26º 53.058’ S and 31º 17.773’ E metapelite fine-medium   
Mk2-2b MVMS 26º 53.058’ S and 31º 17.773’ E metapelite fine-medium   
Mk4 MVMS 26º 53.005’ S and 31º 17.734’ E metapelite fine-medium   
Mk5 MVMS 26º 52.971’ S and 31º 17.728’ E metapelite fine-medium   
Mk3 MVMS 26º 53.094’ S and 31º 17.744’ E leucosome coarse Qtz + Pl + Grt ± Kfs ± Bt Ap, Zrn, Mnz 
Mk10 MVMS 26º 52.969’ S and 31º 17.714’ E leucosome coarse   
Mk11 MVMS 26º 52.969’ S and 31º 17.714’ E poorly-segregated leucosome medium-coarse   
Mk28 MVMS 26º 52.904’ S and 31º 17.662’ E anatectic granite coarse   
Mk29 MVMS 26º 52.904’ S and 31º 17.662’ E leucosome coarse   
Mk32b MVMS 26º 52.905’ S and 31º 17.675’ E granite sheet coarse   
       
Lu2 Luboya 26º 51.744’ S and 31º 24.518’ E metapelite fine-medium Grt + Bt + Crd + Sil + Kfs + Qtz + Ms Ap, Zrn, Mnz, Ilm, Py, 
minor Aln 
Lu6 Luboya 26º 51.764’ S and 31º 24.538’ E metapelite fine-medium Grt + Bt + Crd + Sil + Kfs + Qtz + Pl + 
Spl + Ms 
Ap, Zrn, Mnz, Ilm, Py 
Lu9 Luboya 26º 51.764’ S and 31º 24.538’ E leucosome coarse Grt + Qtz + Kfs + Pl Ap, Zrn, Mnz, Py 
Lu17 Luboya 26º 51.718’ S and 31º 24.488” E metapsammite fine Grt + Bt + Pl + Qtz + minor Kfs Ap, Zrn, Ilm, Aln 
       
Kub8 Kubuta 26º 49.214’ S and 31º 25.608’ E metagreywacke medium Grt + Bt + Opx + Pl + Kfs + Qtz + Ath Ap, Zrn, Mnz, Ilm, Py 
Kub14 Kubuta 26º 49.193’ S and 31º 25.478’ E leucosome coarse Grt + Qtz + Pl + Kfs + Chl Zrn, Mnz, Py 
Kub17 Kubuta 26º 49.148’ S and 31º 25.375’ E metapelite fine-medium Crd + Bt + Sil + Kfs + Pl + Mu + Qtz Ap, Zrn, Mnz, Rt, Sp 
Kub23 Kubuta 26º 49.408’ S and 31º 23.742’ E metagreywacke medium-coarse Grt + Bt + Qtz + Pl + minor Kfs Zrn, Mnz, Ilm, Aln, Py 
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APPENDIX 3: Mineral compositional data. 
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Table D1 Major element compositions and structural formulae of representative mineral compositions from a Luboya metapsammite, sample Lu3. The 
composition of Perthite was determined via bulk area analysis on the SEM. Fsp = feldspar; T = temperature. 
 
 Garnet   Biotite  Plagioclase  High T Fsp 
 core rim   matrix incl. Grt rimming Grt  matrix  incl. Grt  
SiO2 37.22 36.02  SiO2 35.53 35.65 35.51  SiO2 61.66  SiO2 61.37  
Al2O3 19.79 20.13  TiO2 5.31 5.44 4.17  Al2O3 23.79  Al2O3 22.84  
Fe2O3 5.70 1.09  Al2O3 17.11 16.65 17.19  FeO 0.00  FeO 0.69  
FeO 27.18 32.83  FeO 22.62 17.70 21.84  CaO 5.45  CaO 2.72  
MnO 1.35 1.54  MnO 0.00 0.00 0.00  Na2O 8.39  Na2O 8.49  
MgO 4.11 3.84  MgO 7.82 11.72 8.97  K2O 0.44  K2O 1.98  
CaO 2.28 1.43  Na2O 0.28 0.56 0.31  BaO 0.00  BaO 0.00  
Totals 97.63 96.89  K2O 9.98 9.55 9.87  Totals 99.73  Totals 98.09  
Si 2.99 2.98  Totals 98.64 97.26 97.85  Si 2.75  Si 2.79  
IVAl 0.01 0.02  Si 5.34 5.31 5.35  Al 1.25  Al 1.22  
VIAl 1.86 1.95  Ti 0.60 0.61 0.47  Fe2+ 0.00  Fe2+ 0.03  
Fe3+ 0.34 0.07  IVAl 2.66 2.69 2.65  Ca 0.26  Ca 0.13  
∑3+ 2.20 2.02  VIAl 0.36 0.23 0.41  Na 0.72  Na 0.75  
Fe2+ 1.82 2.27  Fe2+ 2.84 2.20 2.75  K 0.02  K 0.11  
Mn 0.09 0.11  Mn 0.00 0.00 0.00  Ba 0.00  Ba 0.00  
Mg 0.49 0.47  Mg 1.75 2.60 2.01  Totals 5.00  Totals 5.03  
Ca 0.20 0.13  Na 0.08 0.16 0.09  XAb 0.72  XAb 0.75  
∑2+ 2.60 2.98  K 1.91 1.81 1.90  XAn 0.26  XAn 0.13  
Totals 7.81 8.00  Totals 15.55 15.61 15.64  XSan 0.02  XSan 0.12  
XAlm 0.70 0.76  Mg# 38 54 42        
XSpss 0.04 0.04             
XPy 0.19 0.16             
XGrs 0.08 0.04             
Mg# 21 17             
 
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite, and 8 oxygens for feldspar. XAlm = Fe2+/(Fe2++Mn+Mg+Ca),  
XSpss = Mn/( Fe2++Mn+Mg+Ca), XPy = Mg/( Fe2++Mn+Mg+Ca), XGrs = Ca/( Fe2++Mn+Mg+Ca), Mg# = 100 x Mg/(Mg + Fe2+), XAb = Na/(Ca+Na+K),  
XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K).  
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Table D2 Major element compositions and structural formulae of representative mineral compositions from a Luboya metapelite, sample Lu6. The 
composition of Perthite was determined via bulk area analysis on the SEM. 
 
 Garnet   Biotite   Plagioclase   Perthite   Muscovite   Spinel 
 core rim   matrix incl. Grt rimming Grt   matrix   matrix   rimming Grt   incl. Grt 
SiO2 37.10 36.92  SiO2 36.76 37.31 37.81  SiO2 64.83  SiO2 66.52  SiO2 50.40  SiO2 0.43 
Al2O3 20.82 20.96  TiO2 2.42 2.75 0.60  Al2O3 22.17  Al2O3 18.92  TiO2 0.00  Al2O3 56.77 
Fe2O3 1.19 1.06  Al2O3 17.49 17.60 17.73  FeO 0.17  FeO 0.34  Al2O3 33.37  Fe2O3 2.76 
FeO 31.11 32.23  FeO 17.81 10.17 13.44  CaO 3.29  CaO 0.20  FeO 0.83  FeO 13.47 
MnO 0.69 0.71  MnO 0.00 0.00 0.00  Na2O 9.77  Na2O 4.41  MnO 0.00  MnO 0.00 
MgO 6.57 5.86  MgO 12.54 17.46 16.14  K2O 0.13  K2O 10.52  MgO 1.55  MgO 5.35 
CaO 0.65 0.59  Na2O 0.40 0.68 0.41  BaO 0.00  BaO 0.09  Na2O 0.29  CaO 0.00 
Totals 98.13 98.33  K2O 9.68 9.45 9.86  Totals 100.37  Totals 101.00  K2O 10.84  ZnO 21.89 
Si 2.98 2.97  Totals 97.10 95.42 95.97  Si 2.85  Si 2.99 BaO 0.00  Totals 100.67 
IVAl 0.02 0.03  Si 5.46 5.43 5.55  Al 1.15  Al 1.00 Totals 97.28  Si 0.01 
VIAl 1.95 1.96  Ti 0.27 0.30 0.07  Fe2+ 0.01  Fe2+ 0.01  Si 6.52  Al 1.92 
Fe3+ 0.07 0.06  IVAl 2.54 2.57 2.45  Ca 0.16  Ca 0.01  Ti 0.00  Fe3+ 0.06 
∑3+ 2.02 2.03  VIAl 0.52 0.45 0.62  Na 0.83  Na 0.38  IVAl 1.48  Fe2+ 0.32 
Fe2+ 2.09 2.17  Fe2+ 2.21 1.24 1.65  K 0.01  K 0.60  VIAl 3.61  Mn 0.00 
Mn 0.05 0.05  Mn 0.00 0.00 0.00  Ba 0.00  Ba 0.00  Fe2+ 0.09  Mg 0.23 
Mg 0.79 0.70  Mg 2.77 3.79 3.53  Totals 5.00  Totals 5.00  Mn 0.00  Ca 0.00 
Ca 0.06 0.05  Na 0.11 0.19 0.12  XAb 0.84  XAb 0.39  Mg 0.30  Zn 0.46 
∑2+ 2.98 2.97  K 1.83 1.75 1.85  XAn 0.16  XAn 0.01  Na 0.07  Totals 3.00 
Totals 8.00 8.00  Totals 15.72 15.73 15.83  XSan 0.01  XSan 0.60  K 1.79  Mg# 41 
XAlm 0.70 0.73  Mg# 56 75 68       Ba 0.00    
XSpss 0.02 0.02            Totals 13.86    
XPy 0.26 0.24            Mg# 77    
XGrs 0.02 0.02                 
Mg# 27 24                 
 
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite and muscovite, 4 oxygens for spinel, and 8 oxygens for feldspar.  
XAlm = Fe2+/(Fe2++Mn+Mg+Ca), XSpss = Mn/( Fe2++Mn+Mg+Ca), XPy = Mg/( Fe2++Mn+Mg+Ca), XGrs = Ca/( Fe2++Mn+Mg+Ca), Mg# = 100 x Mg/(Mg + Fe2+),  
XAb = Na/(Ca+Na+K), XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K). 
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Table D3 Major element compositions and structural formulae of representative mineral compositions from a Luboya metapsammite, sample Lu7. The 
composition of Perthite was determined via bulk area analysis on the SEM. Fsp = feldspar; T = temperature. 
 
 Garnet   Biotite  Plagioclase  High T Fsp 
 core rim   matrix incl. Grt rimming Grt  matrix  incl. Grt  
SiO2 36.17 36.30  SiO2 36.12 36.64 36.01  SiO2 62.22  SiO2 62.00  
Al2O3 20.33 20.32  TiO2 5.89 5.09 4.42  Al2O3 23.61  Al2O3 22.89  
Fe2O3 1.13 0.89  Al2O3 17.25 17.12 17.50  FeO 0.00  FeO 0.15  
FeO 32.82 34.92  FeO 22.29 16.99 21.64  CaO 5.19  CaO 3.99  
MnO 1.10 1.30  MnO 0.00 0.00 0.00  Na2O 8.45  Na2O 8.99  
MgO 4.37 3.19  MgO 8.15 12.50 9.33  K2O 0.43  K2O 0.83  
CaO 1.20 1.17  Na2O 0.08 0.56 0.07  BaO 0.00  BaO 0.00  
Totals 97.10 98.07  K2O 10.14 9.47 9.73  Totals 99.89  Totals 98.86  
Si 2.98 2.99  Totals 99.92 98.38 98.71  Si 2.76  Si 2.78  
IVAl 0.02 0.01  Si 5.33 5.35 5.36  Al 1.24  Al 1.21  
VIAl 1.95 1.96  Ti 0.65 0.56 0.49  Fe2+ 0.00  Fe2+ 0.01  
Fe3+ 0.07 0.06  IVAl 2.67 2.65 2.64  Ca 0.25  Ca 0.19  
∑3+ 2.02 2.01  VIAl 0.34 0.30 0.42  Na 0.73  Na 0.78  
Fe2+ 2.26 2.40  Fe2+ 2.75 2.08 2.69  K 0.02  K 0.05  
Mn 0.08 0.09  Mn 0.00 0.00 0.00  Ba 0.00  Ba 0.00  
Mg 0.54 0.39  Mg 1.79 2.72 2.07  Totals 5.00  Totals 5.02  
Ca 0.11 0.10  Na 0.02 0.16 0.02  XAb 0.73  XAb 0.77  
∑2+ 2.98 2.99  K 1.91 1.76 1.85  XAn 0.25  XAn 0.19  
Totals 8.00 8.00  Totals 15.48 15.58 15.55  XSan 0.02  XSan 0.05  
XAlm 0.76 0.80  Mg# 39 57 43        
XSpss 0.03 0.03             
XPy 0.18 0.13             
XGrs 0.04 0.03             
Mg# 19 14             
 
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite, and 8 oxygens for feldspar. XAlm = Fe2+/(Fe2++Mn+Mg+Ca),  
XSpss = Mn/( Fe2++Mn+Mg+Ca), XPy = Mg/( Fe2++Mn+Mg+Ca), XGrs = Ca/( Fe2++Mn+Mg+Ca), Mg# = 100 x Mg/(Mg + Fe2+), XAb = Na/(Ca+Na+K),  
XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K).  
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Table D4 Major element compositions and structural formulae of representative mineral compositions from a Luboya metapelite, sample Lu10. The 
composition of Perthite was determined via bulk area analysis on the SEM. 
 
 Garnet   Biotite   Plagioclase   Perthite   Muscovite   Spinel 
 core rim   matrix incl. Grt rimming Grt   matrix & rimming Grt   matrix   matrix   matrix 
SiO2 36.44 36.26  SiO2 36.27 37.00 36.66  SiO2 65.24  SiO2 65.79  SiO2 46.49  SiO2 0.14 
Al2O3 20.59 20.45  TiO2 3.00 3.63 0.64  Al2O3 21.63  Al2O3 18.77  TiO2 0.20  Al2O3 56.55 
Fe2O3 1.43 1.56  Al2O3 17.58 17.56 19.02  FeO 0.63  FeO 0.00  Al2O3 31.07  Fe2O3 3.06 
FeO 32.42 34.76  FeO 19.68 11.66 14.04  CaO 2.80  CaO 0.00  FeO 4.91  FeO 17.85 
MnO 0.48 0.76  MnO 0.00 0.00 0.00  Na2O 9.86  Na2O 3.19  MnO 0.00  MnO 0.00 
MgO 5.59 4.04  MgO 10.96 15.62 15.28  K2O 0.00  K2O 12.64  MgO 3.70  MgO 3.12 
CaO 0.56 0.49  Na2O 0.30 0.65 0.33  BaO 0.00  BaO 0.00  Na2O 0.24  CaO 0.00 
Totals 97.50 98.31  K2O 9.90 8.84 9.22  Totals 100.17  Totals 100.39  K2O 9.20  ZnO 20.61 
Si 2.97 2.97  Totals 97.70 94.95 95.20  Si 2.87  Si 2.99  BaO 0.00  Totals 101.33 
IVAl 0.03 0.03  Si 5.41 5.43 5.43  Al 1.12  Al 1.01  Totals 95.80  Si 0.00 
VIAl 1.94 1.94  Ti 0.34 0.40 0.07  Fe2+ 0.02  Fe2+ 0.00  Si 6.24  Al 1.92 
Fe3+ 0.09 0.10  IVAl 2.59 2.57 2.57  Ca 0.13  Ca 0.00  Ti 0.02  Fe3+ 0.07 
∑3+ 2.03 2.03  VIAl 0.50 0.47 0.75  Na 0.84  Na 0.28  IVAl 1.76  Fe2+ 0.43 
Fe2+ 2.21 2.38  Fe2+ 2.45 1.43 1.74  K 0.00  K 0.73  VIAl 3.15  Mn 0.00 
Mn 0.03 0.05  Mn 0.00 0.00 0.00  Ba 0.00  Ba 0.00  Fe2+ 0.55  Mg 0.13 
Mg 0.68 0.49  Mg 2.44 3.42 3.37  Totals 4.99  Totals 5.01  Mn 0.00  Ca 0.00 
Ca 0.05 0.04  Na 0.09 0.19 0.09  XAb 0.86  XAb 0.28  Mg 0.74  Zn 0.44 
∑2+ 2.97 2.97  K 1.88 1.66 1.74  XAn 0.14  XAn 0.00  Na 0.06  Totals 3.00 
Totals 8.00 8.00  Totals 15.70 15.57 15.76  XSan 0.00  XSan 0.72  K 1.57  Mg# 24 
XAlm 0.74 0.80  Mg# 50 70 66        Ba 0.00    
XSpss 0.01 0.02             Totals 14.10    
XPy 0.23 0.17             Mg# 57    
XGrs 0.02 0.01                  
Mg# 23 17                  
 
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite and muscovite, 4 oxygens for spinel, and 8 oxygens for feldspar.  
XAlm = Fe2+/(Fe2++Mn+Mg+Ca), XSpss = Mn/( Fe2++Mn+Mg+Ca), XPy = Mg/( Fe2++Mn+Mg+Ca), XGrs = Ca/( Fe2++Mn+Mg+Ca), Mg# = 100 x Mg/(Mg + Fe2+),  
XAb = Na/(Ca+Na+K), XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K). 
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Table D5 Major element compositions and structural formulae of representative mineral compositions from a Kubuta metagraywacke, sample Kub12. 
The composition of Perthite was determined via bulk area analysis on the SEM. 
 
 Garnet   Biotite   Orthopyroxene   Perthite  Plagioclase   
 core rim   
matrix; 
rimming 
Grt & Opx 
incl. Grt incl. Opx   matrix & rimming Grt   matrix  matrix  rimming Grt   
SiO2 36.77 36.33  SiO2 35.85 36.96 34.79  SiO2 48.75  SiO2 64.74  59.07  67.61    
Al2O3 20.37 20.23  TiO2 4.21 4.38 4.37  Al2O3 1.40  Al2O3 18.47  25.62  20.04    
Fe2O3 1.50 1.57  Al2O3 15.59 15.92 15.09  Fe2O3 2.21  FeO 0.30  0.25  0.24    
FeO 32.67 33.48  Cr2O3 0.24 0.20 0.23  FeO 34.40  CaO 0.00  7.43  0.97    
MnO 0.66 0.70  FeO 22.69 19.51 23.53  MnO 0.26  Na2O 2.23  7.42  11.46    
MgO 4.25 3.47  MnO 0.00 0.00 0.00  MgO 13.09  K2O 13.73  0.21  0.14    
CaO 2.39 2.39  MgO 8.97 12.01 9.15  CaO 0.25  BaO 0.71  0.00  0.00    
Totals 98.61 98.17  Na2O 0.19 0.49 0.35  Totals 100.35  Totals 100.16  99.98  100.46    
Si 2.98 2.97  K2O 9.90 9.34 9.34  Si 1.93  Si 2.98  2.64  2.95    
IVAl 0.02 0.03  Totals 97.62 98.81 96.84  IVAl 0.07  Al 1.00  1.35  1.03    
VIAl 1.93 1.93  Si 5.45 5.44 5.36  VIAl 0.00  Fe2+ 0.01  0.01  0.01    
Fe3+ 0.09 0.10  Ti 0.48 0.49 0.51  Fe3+ 0.07  Ca 0.00  0.36  0.05    
∑3+ 2.02 2.02  IVAl 2.55 2.56 2.64  Fe2+ 1.14  Na 0.20  0.64  0.97    
Fe2+ 2.22 2.29  VIAl 0.24 0.20 0.10  Mn 0.01  K 0.81  0.01  0.01    
Mn 0.05 0.05  Cr 0.03 0.02 0.03  Mg 0.77  Ba 0.01  0.00  0.00    
Mg 0.51 0.42  Fe2+ 2.88 2.40 3.03  Ca  0.01  Totals 5.02  5.01  5.02    
Ca 0.21 0.21  Mn 0.00 0.00 0.00  Totals 4.00  XAb 0.20  0.64  0.95    
∑2+ 2.98 2.98  Mg 2.03 2.63 2.10  Mg# 40  XAn 0.00  0.35  0.04    
Totals 8.00 8.00  Na 0.06 0.14 0.10     XSan 0.80  0.01  0.01    
XAlm 0.74 0.77  K 1.92 1.75 1.84              
XSpss 0.02 0.02  Totals 15.65 15.63 15.72              
XPy 0.17 0.14  Mg# 41 52 41              
XGrs 0.07 0.07                   
Mg# 19 16                   
 
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite, 6 oxygens for pyroxene, and 8 oxygens for feldspar.  
XAlm = Fe2+/(Fe2++Mn+Mg+Ca), XSpss = Mn/(Fe2++Mn+Mg+Ca), XPy = Mg/(Fe2++Mn+Mg+Ca), XGrs = Ca/(Fe2++Mn+Mg+Ca),  
Mg# = 100 x Mg/(Mg + Fe2+), XAb = Na/(Ca+Na+K), XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K). 
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Table D6 Major element compositions and structural formulae of representative mineral compositions from a Kubuta metapelite, sample Kub17. The 
composition of Perthite was determined via bulk area analysis on the SEM. 
 
 Cordierite   Biotite   Plagioclase  Perthite   Muscovite  
 core rim   matrix incl. Crd rimming Crd   matrix  matrix   matrix incl. Crd  
SiO2 50.72 50.22  SiO2 37.80 37.01 37.17  SiO2 64.22  66.52  SiO2 46.97 47.73  
Al2O3 28.41 28.34  TiO2 4.32 3.92 2.94  Al2O3 23.76  18.88  TiO2 0.24 0.00  
FeO 6.74 5.34  Al2O3 18.92 18.76 19.51  FeO 0.00  0.00  Al2O3 36.41 30.77  
MnO 0.21 0.13  FeO 16.06 16.59 15.03  CaO 4.66  0.00  FeO 1.02 1.13  
MgO 9.86 8.14  MnO 0.05 0.00 0.00  Na2O 9.40  3.07  MnO 0.00 0.00  
CaO 0.00 0.00  MgO 11.69 10.84 11.82  K2O 0.25  12.43  MgO 0.94 0.76  
Na2O 0.09 0.76  Na2O 0.28 0.27 0.28  BaO 0.00  0.00  Na2O 0.39 0.64  
K2O 0.00 2.28  K2O 10.12 9.80 9.82  Totals 102.30  100.90  K2O 10.98 10.80  
Totals 96.04 95.20  Totals 99.24 97.19 96.57  Si 2.78  3.00  Totals 96.95 91.83  
Si 5.30 5.33  Si 5.43 5.44 5.45  Al 1.21  1.00  Si 6.14 6.59  
Al 3.50 3.55  Ti 0.47 0.43 0.32  Fe2+ 0.00  0.00  Ti 0.02 0.00  
Fe2+ 0.59 0.47  IVAl 2.57 2.56 2.55  Ca 0.22  0.00  IVAl 1.86 1.41  
Mn 0.02 0.01  VIAl 0.63 0.69 0.83  Na 0.79  0.27  VIAl 3.75 3.59  
Mg 1.53 1.29  Fe2+ 1.93 2.04 1.84  K 0.01  0.72  Fe2+ 0.11 0.13  
Ca 0.00 0.00  Mn 0.01 0.00 0.00  Ba 0.00  0.00  Mn 0.00 0.00  
Na 0.02 0.16  Mg 2.50 2.38 2.58  Totals 5.01  4.99  Mg 0.18 0.16  
K 0.00 0.31  Na 0.08 0.08 0.08  XAb 0.77  0.27  Na 0.10 0.17  
Totals 10.96 11.12  K 1.85 1.84 1.84  XAn 0.21  0.00  K 1.83 1.90  
Mg# 72 73  Totals 15.47 15.46 15.50  XSan 0.01  0.73  Totals 14.00 13.95  
    Mg# 56 54 58       Mg# 62 55  
 
Number of ions calculated on the basis of 22 oxygens for biotite and muscovite, 8 oxygens for feldspar, and 18 oxygens for cordierite.  
Mg# = 100 x Mg/(Mg + Fe2+), XAb = Na/(Ca+Na+K), XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K). 
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Table D7 Major element compositions and structural formulae of representative mineral compositions from a Kubuta metagreywacke, sample Kub23. 
The composition of Perthite was determined via bulk area analysis on the SEM. 
 
 Garnet   Biotite   Perthite  Plagioclase 
 core rim   matrix incl. Grt rimming Grt   matrix  matrix  
SiO2 37.10 37.38  SiO2 35.66 36.73 36.16  SiO2 65.31  64.69  
Al2O3 20.69 20.82  TiO2 4.33 2.58 2.61  Al2O3 18.15  22.19  
Fe2O3 1.66 1.28  Al2O3 15.53 16.12 16.18  FeO 0.38  0.55  
FeO 34.53 35.27  Cr2O3 0.00 0.00 0.00  CaO 0.00  3.41  
MnO 1.11 1.40  FeO 24.28 18.04 23.78  Na2O 0.22  9.83  
MgO 4.11 3.62  MnO 0.00 0.00 0.00  K2O 17.02  0.00  
CaO 1.08 1.22  MgO 8.46 13.43 9.88  BaO 0.00  0.00  
Totals 100.28 100.99  Na2O 0.26 0.58 0.32  Totals 101.08  100.66  
Si 2.97 2.98  K2O 10.02 9.23 9.89  Si 3.00  2.84  
IVAl 0.03 0.02  Totals 98.53 96.72 98.83  Al 0.98  1.15  
VIAl 1.93 1.94  Si 5.42 5.48 5.45  Fe2+ 0.01  0.02  
Fe3+ 0.10 0.08  Ti 0.49 0.29 0.30  Ca 0.00  0.16  
∑3+ 2.03 2.02  IVAl 2.58 2.52 2.55  Na 0.02  0.84  
Fe2+ 2.31 2.35  VIAl 0.20 0.32 0.32  K 1.00  0.00  
Mn 0.08 0.09  Cr 0.00 0.00 0.00  Ba 0.00  0.00  
Mg 0.49 0.43  Fe2+ 3.08 2.25 2.99  Totals 5.02  5.00  
Ca 0.09 0.10  Mn 0.00 0.00 0.00  XAb 0.02  0.84  
∑2+ 2.97 2.98  Mg 1.92 2.99 2.22  XAn 0.00  0.16  
Totals 8.00 8.00  Na 0.08 0.17 0.09  XSan 0.98  0.00  
XAlm 0.78 0.79  K 1.94 1.76 1.90       
XSpss 0.03 0.03  Totals 15.71 15.77 15.82       
XPy 0.17 0.14  Mg# 38 57 43       
XGrs 0.03 0.03            
Mg# 18 15            
 
Number of ions calculated on the basis of 12 oxygens for garnet, 22 oxygens for biotite, and 8 oxygens for feldspar. XAlm = Fe2+/(Fe2++Mn+Mg+Ca), XSpss = Mn/(Fe2++Mn+Mg+Ca), 
XPy = Mg/(Fe2++Mn+Mg+Ca), XGrs = Ca/(Fe2++Mn+Mg+Ca), Mg# = 100 x Mg/(Mg + Fe2+), XAb = Na/(Ca+Na+K), XAn = Ca/(Ca+Na+K), XSan = K/(Ca+Na+K). 
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